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ABSTRACT

Investigation of the feasibility of using endothermic reactions to
augment the latent and sensible heat of faels for cooling engines operating
under a high rach number regime is continuing. Studies in the literature
continue to maintain the desirability and feasibility of producing vehicles
with hypersonic flight speeds and suggest some areas of advantage of
hydrocarbons.

Laboratory studies on the dehydroganation over Pt/AM.,3 of a number
of mixtures of naphth -nes have been made including methyl-Decalin PrIA

dicyclohexyl as well bs the pure components, with additional studies on
Decalin.

About 220 dehydrogenation catalysts have been prepared using a
variety of metals and supports. Most of these have been tested in our mi,-ro-
scale reactor and a number of these have shown activity somew-hat superior t)
our standard Pt/A12 03 catalyst in 1EH dehydrogenation. The results have beel
confirmed in our bench scale equipment, Attempts are being made to develop
vapor (or dispersed) phase catalysts for the dehydrogenation of naphthenes; a
number of compounds have shown some indications of activity when tested with
MCH.

Propane and an advanced jet fuel were tested as possible heat s-xMl
fuels in our fuel system simulation test reactor under thermal cracking
conditions. A maximum heat sink of 1300 Btu/lb was achieved at space
velocities to 400 and pressures to 900 psi with maximum conversions of about
60%. The effect of increasing tube size from 3/8 to 3/4 inch has been
checked using the MtH-Pt/AI 203 system. Conversions of up to 95% at 80 LHSV
were obtained with anticipated heat sinks.

Our packed bed reactor program included harein, has been -,I"Ven
and simplified resulting in a considerable saving in both human and computer
time. With this program we have been able to ex•-i>ate analyt"- :lly to a
variety of configurations extending far beyond ftel flow an/d heat fluxes
presently possible in the FSSTR. A short high heat flux section has been
designed for this unit to allow experimental verification of calculations.
Operation at 900 psi pressure, LHSV of 1600. conversion of 65% at a heat flux
of 3.6 x l05 Btu/hr/sq ft was achieved with 'MH over R-8 catalyst.

The thermal stability of MH, Decalin and a naphthenic jet fuel
were all critically, but uniquely, dependent on 02 concentration in the
region beic-,r about 10 ppm. A new apparatus for assessing thermal stability
of endothermic type fuels was designed, constructed and brought into
successful initial operation.

The ignition delay behavior of both ethane and ethylene was found
to be considerably different from other hydrocarbons in the shock tube, the
ignition delay reaching a minimum in the region of E/R = 0.5 with two differ-
ent temperature coefficients which are dependent upon total reactives
concentrt,'Lon. Additional data have also been obtained cn normal dodecane,
Decalin, methyl-Decalin, methane, tetramethylbutane and neopentane. The
[,1,fl;fjt oif utilizing infrared detection for measuring ignition delays was

iii



eu Lablisbed. Tb'?, essential identity of' combuntion of propa'xt. and toluenle i.hen
premixed hot with hot air was determined in a small subsolnic burner.

Thelixied in this report are: the rhysical properties of thc ?4J
ciystern to 16W3-OF' -ind 'j5"O psi; a ""10 lopraphyý Of papffl 3 and reports of

interest In this field; a compuater riiogram for aimulating reactions- in aiawr+~ -- '--~,'.Vn+,~,-C"n4caCa

2 '~ "9c 'M' -bed a7 t "'di- W t~ C-r .JA4-! '-¾1 ~- 4A' tA

iv
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Introdunt ti on |
The c.oJective of this study Is to provide the Infi rmfation ni'.onnary

for esecifying nonhbydrogen fuels which will be caVable of providing zooling
an riiao foTr enini owi-ne a-icat41 -- p --d -r- -c ''-ve LOU.-vc r. 'I.

The Nei will provide cooling by givir,4 up its latent and sensible heat and
by undergoing endolhernric reactions before It is fed into the engine in vapor
form. This could be in the temperature ralnge up to about 1400'F.
In or•tr for the fuel to functA.on in this manner, it must have excellent
thermal stability up tc the temperature at which -eaction occurs and also in
the post-reaetion portion (,f t-he heat exchanger, tc avoid fouling problems.
Work under early Air Force contruots served to establish many of the param-
eters whioh obtain in delineating tke boundnries of the problem. Work wan
done under our previous contrat'-- to define more closely the advantages and
limitations for the application of hydrocarbon fuels. In that contract the
goal was to develop specifications for a fuel or fuels which could be
utilized for advanced engine application and to design methods and equipment
for testing the properties of such a fuel.

In order to allow precise definition of the fuel, we studied
various problems that could arise in several parts of the fuel-combustion
system. These included thermal stability p-oblems which could originate 'n
the fuel tR'iks or in the various metering devices and fuel lines; deposition
or coking problems which could affect the efficiency of heat exchanger-
reactor devices and catalysts, or plug fuel nozzles; and combustion param-
e ars which could affect the design or operation of the combustion chambers.
In order to provide a sound basis for the selection or rejection of fuels, we
endeavorea to relate the various phenomena observed to the physical and
chemical properi_',s of the fuels studied.

Thi problem area. and approaches used were broken down in the
following manner: we improves a previously designed coker apparatus
for use in studying the thermal stLbiAity of possible fuels and
componenTs tb temperatures up to 900*F. ',a studied possiblc thermal and
catalytic reactions in laboratory scale equipmLnt in order to test the
reactivity of f*fil r And f-~ P PiO Ich14+ 4 . ý+,dct'tt.""
sin1 available in the hydrocarbons tested were calculated4 frn,.: athermodyn•'xidc
properties of the rea,' ants and products. A fuel system simulaition t-?st rig
(FSSTR) wac constructed and used to provide data on hydrocarbon syetems. A
computer program for simulating the behavior of a packed bed reactor v,'es
modified to accept and correlate the results obtained in the fuels eystem
simllator. The subsonic combustion properties of selected fuels and react:.on
products were observed in a small ,.exle combustor while the ignition-elay
behavior of the same fuels and products was studied in a single-aiaphragm
shock tube to give an indication of supersGnic combustion properties.

Studies done under the previous contract indicated the general
feasibility of the endothermic reaction approach, particularly the .
utiliza&Uon of catalytic dehydrogenatiun reactions. Our best rf-ults were

1) See References.

1i_
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th ,tyrn content tco very low ie'wels to' rpino h',at exehsrrrrceer was *
also indicqited. Opertitio.-,o with tVie urcl system olmalojtin Y1st lvlt (YSSýTR)
'ave nr±'vided valuabl~ i'aini ro' fliph-n eiwbul"n4ri- ±.' p n.B1aCiliflits

with the .4! sysctem. The Itost4 t or therminl1 crackingý of 4nxcocc

relative-ly low heat s~ink of aboutil 30(2t Pc, Lupe %pund due to hydrogen txfliuivfer
reactier .81 da ,onrstrlited. T Tlu; iLtoi ny-x!e1_ n-r tho cyi1ia s*.
flow reactor wa's found1k tt o' heFitqflr~tetx-LA the ex-tilnt ný, It' d.'ve-l~opvrkXn Ti,
combustiorn studies sugs-that theý -~ossibilitlon. of bur1ning. the prop'. se-i

feed materials and the- produfess, of trieja' iehy~irogenation under both subsonic
'and suipersonic oonibust:.1or. (.caditions are prom-_"sting.

Undcr our pre. ent contract we are conttr ing and extending, the, work
done under the 'revious cectract, with same `.n;jes' emphausis: We are
continuing to survey Ithe pertinent literature arC1 vifl !ssue bibliocaaphien
fr-om tine be- time.- We willotiu to consi'der Various fceed materials; wh~ich
might be useful it thits anlic: xticn and iSCu s prot'abl.27 ity of their bo ing
successful candidate wetenlýls. Sluch catndidates are ;::creeued ziour swdb].
scale equipment. for reactitity and effect on catalyst life a"A'n It ' thýerm~al
stability under heat ex,-changer conditio~ns. Sue'. assfuj. ceandidate materials
will be -tested with i'mureved catldysts and also uinder larger :'a3conditions
as represented by our. fuel system sinni-ation test rig.

In the previousjr con-.raot only c. afle mnumber of eartaly&-bc,
selected for their probable activit~y, wcere tedwith a variety of feed
materials. The reactions of interest. in that program inciudcd debytý,-c-
genation, deh,4-rocyolization and depolyivrization. In -the -wi:rosent program we
are conducting an intensive catalyst develcoment program for new catalysts
for -these types of reacto . Th-7 Cin-relve6 the small sýcat. preparation of a
wi~de variety of' rcatalysts in whic(h ot yicelements (e.g., transition
metals) are depoatted oni substr~ates =id meK7difd by a variety of noncatalytic
elements such Rs iLne alkalies, alkalinxe earths, anýd balogeniý,. Other
cataýlysts are prr~ared con-tainingI metallic oxiles and acidic sites. Such
catalysts are tested. initially in a smatll scale apparatus (te 'snre-scale
catalyst teat reiactor", MICTI{) which allows rapid screening with-l standard
feed materials uhaL methylcyclohexane, dineivtylbcuxane arnd tetraitsobutylene.

InadItAvl~io to, the. ;ý,ttt!ýpt tv Prpmpc±•e s;upe *.lor cziqventioiial tspe catalyb1a
which catalytic materis-is are mounted on saiostreate grti'Lules, attemrts axv being
made to prepare noneonvent10ional cateltysta in whtýh th,_ cataJ ytic material is
mounted on specially shaped supprorts (designed '-or .tnintze presrawe drop), or
is previously dlspexs&4 in the feed mirterial, or is for'tead by decoruposition
in the heated zone. Sius-h rnncom;enticnenl catalystb ac: to,; be tested with the
appropriate standard i:ceCd Materib.Ls prior to being used with other feed
materials developed as a result of the prcgram mentioneid above.

The commu'terized mathiematical mo)del mentioned above ha. been-
uarricd to the point where good representation of the RSSTR errR.e.uztsntal
rerults 4

q possible. Further development of tiUs model undertaiaa4, under the
present contra.2t allows the inclu.sýion_ of different si~za tubsa.; catalyst
dispositions and variable hueat flux and temperatures along the tube length.
It will, eventually include latent and sensible heat sinks both ',afore Pnd

2



$20100• •!].• OU& ; a eoLrr'c .U;L f-or o . i m,.••, - •;; "] U-. ,• •.-..- • • ~ .......
S . . -'C' c,. Ub L1,iO with ed Ine ,;o: aýtu:-rs :,i-- 2 1-, ,,

cooAbustor deegL-i part of the ovcrnJ.i pro%-.•-1,

Extension of the program t-, ;Ic.z n.P •!-,An ..
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of nozzle ,-xpan•rcr, an. expcrtrcnal z;al sca1l,> - ,
which w-ould put thcj',onbxsf.l on end oF 4th ;:r-tiem oC a. .
program, our -own efforts will be. directed torwards a1nanitr, rat ,,, rt
and )aiason vith other priograms and with other contractors in the I\yX"rfarbon
scramJet prxjram. We have been continLing our studies in the shocack t -- wiAth
high mnoie'ulhr weight ret-,,&h.nod 4,s&n,-rar o-4'..'of
systems. We have also undertaken to complete our work on tie exn::inaticn of
subsonic combustion in the small burner developed under the peviou,; contruct
with the additional feature of obta:ning quantitative data on the radiation
emitted, as a function of fuel composition and bnrner conditions.

An important consideration in agy system which attempts to use the
fuel for coolJg is the thermal stability of the fuel in the excha.nger
portions of tlhe fuel system. In our previous contract we used the Shell
Development Coker for evaluating the thermal s•tability both of feed material
and of products produced by both thermal and oataly-tic reactions. Examinatbn
of the products suffers from the serious deficiency thhat inevitably a time
lapse and sawe handling has to occur, before the products of reaction are
tested. We have therefore constructed a new piece of equipment under the
present contract for establishing a standard test for botI catalysts and
fuels. This umit, called the Catalyst and Fuel Stability Test Fig (CIFSTR),
will permit simulation of the thermal environment and representative contact
times all the way from the fuel tank to the engine inlet. Fuels will be
tested using a standard catalyst, while catalyst vtll be tested using a
standard fuel.

Specific support is also being furnished to contractors in the cool-
ing program. This support consists of consultation with respect to problems
encountered in the study programs, the furnishing of technical data required
for the solution of design problems or for the carrying out of experimentalinvesticatlmnqv We eIIC expect +tc perflo - *...c l .... J.. -..

.' -~ s~ t t.Aa.J 0 ýJt 1kt xes -CL~ U I A

our laboratory equipment to solve specific problems encountered by the ,tAher
contractors.



Part i

ix•anaatlon of the literature during the past year has reveal •d a

acbheving i<IKt cpeeas up to about M 1h i2. It apIua tha sond o-
1ogira] iasoi s exist that lens optJ-tsm to hopes of overcoming the formid-
able cooling ana propulsion probiems that still stand in the way cf being
able -to -chiev" such s-teeas utilizing nydrocarbons as fuels. Some of the
Liolv important of' the papers and rero. -s that have appeared are analyzed
below.

W--ring this year considerable attention has been given to the
effect of intxed feed components on the dehydrogenation reaction and catalyst
stability. Thus, in both the DCWMCH jdieyclohex4l/meuhylcyclohexane) and
DIm/MCH (Decaltn/methylcyclonexare) systems the effect of mixtures under both
thiemal and cat2.lytic conditions is to increase the rate of reaction of the
dicyolic ccmpouxI end decrease the rate of reaction of MY.1. Contrary to
preious r.csultr3, the presence of MCH with DIRN either increased caualyst
deactivation or did P )t improve it. This differs from previous results with
a differercu sample of nHN where the addition of MCH improved the catalyst
stability. Attention -as also been given to the possibility of utilizing
mixed feeds with dicyclohexyl and Decalin is compone.ats as well as further
inveskigations of the dehydrogenation of the pure components. The
Oehy&ogmnatlon of Decalin over Pt/AMp2a is couplicated by the presenct. of
the geometric isomers and by the fact that the reaction goes in two steps.
Studies wi4h the pure isomers have given insight into the course of the 3
p;rafl_,l x.'eactions which proceed simultaneously. Pure 1,P,4,5.-tet ramethyl-

cylohexane wan tested (bench scale) u12er both thermal and catolytic
(Pt/1J203') conditions. This compound reacted considerably faster than MCH,
but in the ease of the catalytic reaction deactivation occurred rapidly.
The effect o,' two alumina cqrrier materials on the thermal reactLon of MIH
was tested in conp'jrison to the usual quartz chips used in the small-scale
reactor to fill the -.ataly3t space. Both increased the rate by about 50 to
100%. Although thids is probably not tremendously important, it doe. suggest
a possibility for tmproving catalysts supports by decreasing their acidity.

Our standard laboratory catalyst (1% Pt/A12 03 ) and the UOP R-8
cstalýr-" have bee omared for their e6floacy . . n the dehy'genation of
Decalin (DEN). The two catalysts are equivalent at high (30 atm) press'res,
but the R-13 catalyst is lesi ecti-re and shows a tendency Wo deactivate at
low pressures (soeawhat at 20 atm but markedly at 10 atm). This probably
can be ascribed to the presence of acidic sites in the R-8 catalyst due to
the presence of chloride in tLh formulation. The dehydrogenation of d.cyclo-
hexyl (DCH) also proceeds in two steps; first, to phenylcyclohexan- and Then
to diphenjl. The first order rate constants and energies of activation for
both steps have been determined using the method of Wheeler. The initial
reaction is faster at low temrerature bi,'t slower At hiMal +emn.-ratie than
the secor2 reaction, the apparent energies of activation being 8 and 43
kcal/mo?.e. The tafditlon of an equal volume of DGH to DHN resulted in some
modification of the rates of reaction of each component, but the effects weze
not lerge. The presence of the DCH reduced the tendency of DHN 'to deactivate
the catalyst. Stability tests with both the lab and the UO0P catalysts have

4
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been done in the lal-fratory reactor over a 10-hour processing period. B1otli
catalystH decl-Lned at a rate of about 0.9% conversion per hour after an
initial drol of about 2% in the first hour. The presence of a phenolic
antioxidant reduced both the activity tnd the catalyst stability to some.
extent. Mh was used as the test fluid in the tests.

Comparison of recsuts with both DII a'id DHN over }'t/A12 03 catalYvtsI
suggests that stability is related to the pore Aize of the catalyst.
Stability increases as pore size decreases, (ue it is thought, to the
increasing surface to volumz- rat-o, which resultF in an increasing H2 partial
presi.ure ir the pores. As the pores decrease in size, however, a point will

be reached where the rate will be diffusion rather than surface limnted and
further decrease in pore size will result in decreased stability.

Analysis of results with decalin over Pt/A12 03 indicates that
while cis isomer dehydrogenates only moderately faster than trans, its rate
of lsomeri-ation 1s almost an order of magnitude faster than the trans.

Attempts to achieve zatalysia of the thermal reaction of propane
(hopefuilly to OC4 aad C2114) by the !ntroduction of frec radical sources
(e.g.,Me I, allylohloride, hydrogen) failed to achieve its goal (at 1295°F,
1 atm, LHSV of 25). Little additional conversion, except to coke was observed.
However, some additional experiments will be done on this system with other
free radical sources in the n.uture.

Further wurk on the catalytic cracking of propane in an attempt to
achieve the reaction to ethylene and methane using a hydýocracking catalyst
and several modified zeolite catalysts was unsuccessful; little reaction
occurred at a block temperature of 1022*F, atmospheric pressure, and a LH.V of
20, Apperently, tne propane reacts almost instantaneously to form coke which
precludes catalysts of the reaction of interest. Dehydrogenation of methyl
Decalin over the laboratory catalyst was also tested. IG reacts at about the
same rate as Decelin but has a somewhat more adverse effect on catalyst
smability. Previouslj, we indicated that the Decalir./R-8 catalyst
combination had somewhat less stability than the Decalin/standard laboratory
catalj.3t consbination. This was previously attributed to the presence of
halogen in the R-8 catalyst. However, catalyst prepared on the R-8 base in
the absence of halogen also is somewhat less stable indicating that this is
probably, in pert at least, a spec~fic effect of the base used. Similarly,

dehyrognatc~~of DCH ovEr cRtad catalSt ind-iceted tha ths caast, under
laboratory conditions, shows less stability with this feed also. However,
catalyst stability is generally improved by operation at higher pressures.

Recheck of previous runs using very pure et-hylcyclohexane has
brought the results of previous work into line with those obtained with
otner naphthenes, indicating that for this naphthene impurities in the feed
were affecting our results.

The catalyst development uroaram designed -ro roduce conventional
type catalysts of superior activity and thermal indifference has been
continued. A total of about 220 dehydrogenative catalysts have been made,
and ha•e been tVsted in the microscale catalyst test reactor (MICTR) using
M!H as a test fluid. Moet of the catalysts are inferior to our ntandard
laboratory catalyst or the R-8 catalyst, but about a dozen have been found

5
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which are of superior aotivi !y. These have been tested further in the small
-c ale reac ýor setup and theLir activity generally cozfirmed. The best catalyst
increased the specific reaction rate by about 50*.

Some success has been achieved in placing an active catalyst on a
low pressure drop fused alumina shapc after inltiqlly affixing a highiy
ictive alum'ina on the surface.

Attempts have also been made to develop disperse or vapor phase

catalysts by utilizing metallo-organics. Some activity has been noted with
a n tmber of compounds in screening tests.

Modifications to the fuel system simulation test ,g (FSSTR) were
made and a 3/4-in, by 10-ft secticŽ pacned with R-8 catalyst was installed.
Szc-.... oleration with the uodified equipment ensued and 99 conversion at
80 LHSV was obtained. The cbserved temperature ipofiles, conversions, ani
pressure drops were well represented by our packed bed reactor computer
progr am.

Study of the thermal cracking of an advanced state-of-the-art
paraffinic Jet fuel (F-71) begun under the previous contract was completed.
Studies indicate a waximum endothermic heat sink of about 300 Btu/lb and
maximum allowable fluid temperature of operation of about lOO°F. The
results observed are not very sensitive to operating conditions except
temperature. The upper temperature limitation occurred because of coking
which caused plugging of the pressure control valve.

The catalytic dehydrogenation of propane using t K-promoted Cr 2 03 -
Al20 3 cata2•yst was examLued in the F'SSTR using a 10' X 3/3" diam bed. Two
series of tests have been made at a feed rate of 10 lb/hr (LHSV = 75). In
the first series, bed inlet temperature was maintained at 900"F.
Variables were inlet pressure of 430 and 590 psLg and catalyst section exit
temperature of 1100 and 12000F. Maximum conversion measured was 7.7%.
Conversion declined rapidly 9nd after about 5 hours of operation the catalyst
was almost completely deactivated. Following this test, 10.7 g of carbon was
burnod from the catalyst bed.

For tae second test s,'.ries, nominal inlet and exit
temperatures of 1000°F and 1250°F respectively and an inlet pressure of
aipqprrnxA atey ,uxo psz;7 were =anntL4incd for the enieoporat-ing per'iod1
(ca 4 hours). Propane conversion started at ca 2% and declined to ca
after 250 min ites of operation. Pressure drop increased from about 300 to
465 psi during the first 25 mirnutes, then inreased at 5 psi per hour
through the rest of the run to a maximumi of 49 0 psi. Coke was not burned
from t-e catalyst after this test. A weight increase of 15 grams due to
coke deposit war measured after duiA.Q the catalyst charge. It had been
hoped that more satisfactory results would be achieved in the FSSTR because
of the better temperature control and the higher linear velocity achieved in
this equipment compared to the bench scale apparatus.

A two-foot long (by 3/8" diam) high flux section capable of
accepting about 600,000 Btu/hr/sq ft has been constructed and put into
operation during the year. It has beýen used for the dehydrogenatioi4 of MUH
on R-8 Pt/Ala0 3 at an LH5V of 1600 with a maximum heat sink of ca 560,000
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Btu/br/sq ft. Some oatulýt deactivation was noted at the most severe
conditions (fluid temperature, ca II000F). Conversions under high heat flux
conditions were generally higher than predicted by our Tmithematinal model
indicating a need to reexamine the parameters used in the program.

The mathematical model of a packed bed reactor system, developed
under our previous contract, has been modified and completely rewritten in
order to economize on both human and machine time. It has been used
successfully to represent the results obtained in the FSSTR and to
extrapolate to condition inaccessible to experimentation. It has indicated,
for instance, that increasing the thermal conductivity of the catalyst
particles (even by a factor of 1000) wotld have no beneficial effect on the
heat sink capabilities of a reacting system. Also that P,'plying the heat
from one side only of a catalyst bed, such as would be encountered In a
regeneration type application, can be represented by the model.

Flat -late configuration shows that the basic feature.- of the
results are similar to those obtained with the axieynimetric cylinder model.
It appears that tbeaverage flux over a 2' length is about 0.5 to 0.7 x 108
Btu/hr/sq ft. Some compromise between maximum heat flux and the degree
of reaction of the fuel must be made. With the flat plate configuration.
the dimension of the layer compared to the particle diameter is more criticaL
The region of dimension which appears to be most favorable is a thickness of
only 2 to 4 particle diameters. Also, we can calculate the relative
advantages of a series of adiabatic reactors compared to a single bed. We
find that a five-bed reactor (with intermediate heat absorption) with a
total length of 2-1/2 feet and a maximum fluid temperature c" 1150 0 F can
absorb about 8 x 10 Btu/hr/3quare foot cross-section area with a flow rate
of 120,0OO lb/hr/square foot and a pressure drop of 400 psi, while a single
continuous bed under the same conditions can take ujp jomewhat more heat.
Thus we conclude there is no benefit to this scheme except it might allow
better matching with the radiation flux in an engine.

Considerations of the changes that must be made in the mathematical
model to represent the dehydrogenation of dicyclonaphthenes such as Decalin
and DCH are proceeding. Attempts will be made in the first instance to apply
the k±rmet-l r-ou+. cbta-4nd 4n t~he bec oeratr othi.o Calc-l +4t-
The application is difficult in this case because of the uncertaLnty in our
kowJledge of fluid temperatures in this configuration of eqýupment, as well
as the complexities of the kinetics.

Work that has been done on the effect of oxygen on the thermal
stability of naphthenes has been brought together and summarized with
particular reference to the pure naphthenes, MtH and decalin, and to a
highly naphthenic jet fuel (RAF 165). All hydrocarbons show improved thermal
stability when oxven is removed at least down to 3. ppm. generallv by about
200F improvement in SD coker breakpoint. This effect has been related to
the fundamental response of hydrocarbons to oxygen concentration during
oxidation. The effe-ct varies with the composition of the feed,with the
lowest oxygen content to which the fuel is sensitive decri.asing in the order:
decalin, MTH, naphthenic jet fuel.

A new piece of equipment, the CAFSTH (catalyst and fuei system
test rig) was designed, manufactured, and put. into operation during the year.

7
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This equipment, uhich is intended to provide a standardized test for either
fuels or catalysts, consists of 5 priheaters. internally heated by rod type
heaters; an externaOlly heated packed reactor; and a final preheater similar
to the first three; f-xIlo*ed by an orifice plate (to simulate a fuel nozzle).
Preliminary runs have been made with an advanced Jet fuel and with 1MEH at
3 m'd 6 lb/hr flow rate, 1000 psig, temperatures ul to 1200°F, 'with and
sans Pt/AI&O., catalyst. The equipme-nt has perforfled wcordinig t design.

However, the question of how to rate the preheater tubes must be
resolved since visual ratings with the Eppi Tuberatxor are far less me-aningful
than before. At high temperatures, the presence of a blue coloration of the
tube metal, plus some shades of yellow and tan which may also be the metal
itself (Inconel 600), make the 1isual evaluation of thermal stability both
difficult and uncertain. In some cases, the change in AT (T metal surface -
T fluid) over the course of the run (where flow end heat input were constant)
may give a more reliable indication of true deposit lay-down. Not enough
data has been accumulated to date to assess the us •fulness of this measure.
The possibility of developing a calorimetric tuberator is being explored.
Calculations indicate that significant results should be obtained if
reasonable stability and accuracy in the test equipment is achieved.

Tests have been done in the modified small scale subsonic
combustor with both p .pane and toluene/3Hm using a Rayotube to monitor the
total radiation, at E. R. values of 0.9-1.4 and 0.95-1.3, respectively. The
results indicate radiation fluxes for propane for 5000-7000 Btu/br and
6000-8000 for tuluene/3H2 . The lowest fluxes were associated with the
richest dixtures in both cases, presumably because of lower flame temperature
and lower production rates of the emitting species C02 and H2 0. There was
no indication of radiation from carbon particles with either fuel.

Shook tube studies of the effect of environment on ignition delay
of ethylene and etaane were done. Both compounds show behaviors different
from those observed with higher hydrocarbons or with methane. Ignition
delay decreases with increasing E/R down to about 0.5 and then increases.
Under otherwise constant conditions, increasing pressure, concentration, and
temperature decrease delay times. Both compounds under lean conditions give
two different temperature coefficients, varying with total reactant
concentration (18 kral beluw 10- mI/ and 36 knal above). Studies of
ignition delays of dodecane. Decalin. and methyl Decalin have been extended
to hjb6her purtial pressurwes. The behavior of all compounds is quite similar
to that of F1EH. The behavior of methane has been studied over a wider range
of conditions. Temperature coefficients were found to var. With E/R,
activation energies being 25-30 koal in lean mixtures a8= 45-55 in rich.
Under otherwise constant conditions, increasing E/R increases delay time while
increasing pressure decreases it.

It has been found that utilization of the infrared emission from
C00 gives considerably better definition of ignition delay tiae in the shock

emission. This is particularly true in the region of very short igaition
delays where apparently the superior collimation of the infrared system and
decreased reflection affords sharper reception. C02 emission is superior to
that from CO because of the higher signal-to-noise ratio even at the same
species eoncentration.

8
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SThe study of the effect cf hydrocarbon structure on ignition delay

bas been extended to include a num;sur of highly branched paraffins utilizing
the inf-irsd detection teehnique in the single diaphragm shock tube, The
hydrocarbons examined were 2,2,3 trimethyl butane, 2,2,3,3 tetramethylbutane
and neopentane (tetramethyl methane). Normal :;tane was included for
comparative purposes. Experiments were concentrated over a fairly narrow

9 range of operating conditions, at low equivalents ra+.os and pressures of
.1 9,15 and 25 peia. Because of the improvement in detection teohniques, the

compounds were studied over a wider range of temperature (ca lOO-.15000 K)
than was previously possible. The results indicate that although thie more
highly branched paraffins do have a somewhat longer delay (ca a factor of 2
in the mid-temperature range) the effect of structure is not very large. The
effect of pressure and equivalence ratio was not great over the range studied
while the effect of temperature is rew'7ona9ly rel resented by an activation
energy of about 40 kraal per mole. The effect oe oxygen concentration
appeared to be somewhat less than first order.

By comparing the output obtained with argon and CO in the tube
with that obtained with a reacting mixture some indication of the rate of
ccmbustLon in the mixture could be estimated. The apparent rate constant
has a value of about le• sec- in the middle of the temperature range
3tudied and is relative.1y irsensitive to the effect of temperature (7 kcal
per mole) and oxygen concentration. This would suggest a time for complete
combustion of several milliseconds. However, the values obtained are for
low equivalence ratios (0.1 and 0.2) and it will be worthwhile to extend the
study over the entire equivalence ratio range of interest and to get similar
data for -the MDH system.

As part of our program to support --rwk done by others in attempts
to utilize hydrocarbons for fueling and cooling sub- and supersonic combustion
ramjets, and also for our own calculations, we have been attempting to
systematize and extend the physical data for hydrocarbons over the
temperature and pressure ranges of interest (up to 1600°F and up to 3000
psaa). Considerable difficulty was encountered in reconciling variias
existing correlation programs but concordance was finally achieved, for the
M!H Eystem at least. Data are included delineating data for this system

at 0, 25, 50, 75, and 100 conversion to toluene/3H2.

We have alse calculated equilibrium compositions for th1e -0!ecaIin/
tetralin / naphthalene/H_ system from the data of Allam and Vlugter•k at

10ý, 30, and 60 atmospheres as a function of temperature over the range 600
to 1100F. A consistent set of data was obtained which indicates that at
the three pressures mentioned a 9% conversion of Decalin to naphthalene
would be possible at 775, 925 and 10750 F respectively.

We navc attempted to maintain aontinuing surveillance of the
literature of interest in this area. A bibliography comprising 337

Considerations Affecting Applications

I ' A recent group of articles in Astronautics and Aeronauti"s3)j (Octobar, 1966) on the hypersonic transport (the HST) highlighted some of1 _9
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the oppor" =•-iies and the problcme in the development of aircraft designe.d to
operate i, the range of Mach 6 to Mach 12. It is proposed that a hydrocarbon
fuel would be the optimwum selection for a flight regime up to about. Manh 7. %I
or R with hydrogen becoming necessary at higher speeds. titller's'a) article
suggests that thr penalty associated with the use of hydrocarbon fuels stem
largely from tae lossee in the propulsion system due to dissociation 1
phenomena resulting from the inability of the carbon dioxide fragments to
recombine sufficiently rapidly in the nozzle to achieve the ialL specific
impulse potential. This range could possibly be extended somewhat if it.
turns out that our development of a dispersed "throwaway" cat Isyt leads to
a situation where we will also have a catalyst for recombination of carbon
dioxide iragments because of the presence of metal or metal oxide pcrticles
in the exhaust.

The irticle by Ferri5b)also endorses the idea of using a hyd-
carbon fuel un to about Mach 8 (Figure 1) using the latent and sensible l-eat
capacity of the fuel for cooling the aicraft, without however mentioning
tihe pussibilitý of using endotJ ermio reastions to give additional heat sink.
It would appear that this might be a more economical way to cool the air
required for cooling the structure rather than the use of expansion turbines
to absorb the energy of the air a. proposed by Ferri in his article. The
article by Laidlaw and JohnstonSCJ discusses the strUuatural technology
required for HST s in the Mach 6 and the Mach 12 range, assigning methane as
a fuel to the Mach 6 gxrcraft and reconmending hydrogen for Mach 12 as a
consequence of the envirUonments encountered by such aircraft (Fi•___2).=
Here again, they have not given any consideration to the possibility of
achieving hgher he-t sinks with endothermic reactions. This lack of
consideration is probably not due to any lack of knowledge of the
possibilities involved but sim'ly reflects the fact that a great deal of work
remains to be done before the potential heat sink available can be tkanslated
into meaningful proven concepts. The article by Simpson and Hursch ) gives
an Interesting estimate of the mission profile of a M-12 aircraft (Fg ).
We have amended the figure slightly to also show how a Mach 7 aircraft
would behave.

A recent paper by Stroud and Millers) on the design of hypersonic
inlets emphasizes the importdnce of cooling in obtaining improved inlet
pressure recovery. For ins .anae. they show that at Mach 8 cool-ng the inlet
surfaces to 2000-F provides for optimization of tie inlet design system at
a fineness ratio between 2 and 3, thus, achieving near maximum efficiency
at a relatively low weight penalty. It is apparent from their analysis of
the problem that better cooling would result in still higher inlet efficiency.

Similarly, an investigation of flow s~paration in aerodynamic
controls at hypersodic speeds by Kaufman et a27 reveal the extremely high
heating rates associated wi~th most types of controls and suggests that the
provision of coolLig at critical points when the controls are to be used may

Another interesting article iavolving hypersonic aircraft was by
Peterson et ala; in which they presented the results of a launch vehicle
mission analysis for a hypersonic first stage which accelerated up to Macth 7
before laurching the second stage. They assumed that the air frame and
leading edges were cooled by radiation but used regencrative cooling for the

.10
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Part I

internal s-urfacos ') the propIlsIon sytem. They avsstmed that the ongines
were hydrogen-fueled subsonic burning turbo• "cLDJets. They made a paranetriec
investigation of the vehicle characteristies and trajectory. The first-stage
parameters that were varied included winiT loading. fusilave slenderness ratio.
wing thickness, and aspect ratio. Their optimum vehicle cruising at about
Mach 6 delegate-d 35 to the aIrframe and about 21 to the fuel using liquid
nydr-ogen fuel. For a Inunch vehicle of 50l,030 lb wi th a 2_000-nautic al. mile
lateral range, about 13,500 lb could be pllaed in orbit, in view of the
fflorable volume ratio for hydrocarbons of about one third that, required for
liquid hydrogen it would 'be interesting tc determwinc if the weight of theairframe cou~ld be reduced sufficiently to overcome in combination withreduced drag the unfavorable weight ratio of hydrocarbon to liquid hydrogen

of 2-1/2 to 1.

It would appear that a low-weight, high-efficiency cataly-tic heat
exchanger could be construe ed on the basis of the high surface area heat
exchanger introduced by du Pont.9) Our concept would utilize a multiplicity
of thin-walled tubes of an appropriate metal havin•g, say, an OD of 0.1 inch
and a wall thickness of 0.01 inch. The circulating fluid (e.g., hyirogen or
helium) would be pumped from the primary heat exchange surface (i.e., the
engine or leading edge) through the inside of the small tubes to heat
exchange with the fuel which would be circulated on the outside of the tubes.
Catalysts would be deposited on the outside of the tubes in ý.he bundle.
Latent ani sensible heat would be utilized initially for cooling the
circulating hiuid; but a3 the temperature of the coolant fluid increased,
reac.ion would occur. This construction should provide about 200 sq ft of
heat trausfer area per cubic ft of shell volume; and if a modest heat trans-
fer coefficient of only 200 is assum_ýd with an average approach of 4oXW)F, it
may be calculated that the 2 x l0e 1 tu/hr required to provide SOCK BFu/lb
for 100,000 lb/hr fuel flow could be provided in 12.5 cu ft of volume (in the
FSSTR we have actually measured heat transfer coefficients of 1200). This
would appear to provide the promise of a highly efficient device heving a low
pressure drop. Its success as a reacLor/heat exchanger will depend on our
ability to depcsit a sufficiently active catalyst on the surface of the heat
exchanger tubes. This is presently bein'ý investigated.

A recent paper by Ashby end Stone,>3A analyses the effect of volure
addition on L/Dmh for configurations suitable for a cruise type vehicle.
This indicates Iat a reduction in drag_ loss is achieved equivalent to about
• r'educ Lion in tc loss Jn /DImx for a typical hk.drocarbon fueei compared

to the volume required for liquid hydrogen (assuming that & volume increase
of 9L% would be aecessary in the latter case). However, it is realized this
potantial benefit from the use of hydrocar-bons may become ýess as Mach
numbers increase because the inc.r•eýsing capture area necessary for the inlet
system will shadow a consicderable volume which could be utilized for fuel
etc -age.

-he editorial in Space/Aeronautics for November 1966 by John B.
Jag r441 a "rr u..~-.c~.-'n Wn c nt lude,,Aa

t 
.. , 4d if evn

do not force a faster pace, we well may see au operational hypersonic
interceptor by the early7 1 09 80 t's. This L- accomipanied by kan article by L. H.
Delbergerl2) on "Advanced InterceptoTr Alircraft" in which he discusses the
possibility of pr-dhotlon of hypersonic aircraft. This article shows an
illustration (of Figure 4) of .a LHE2 fueled hypersonic interceptor test bed
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wr cti *'ould operate in tile rane of MarLh - t, 12+!, I is deser:°eid as a
. kt aircraft 'eighirn, at, least 200),00( pounds with a length of oI.Lr one
hl.n•r•i ,, feet, in which leadirg edg, s and nose surf&ýes may reach !800X-24o00F.
it I 'tated that. "there is intense effort to devUlop a more manageable fuel
Wth -gher density to )ermit reducing storage tank- volume and thus aircraft
...... . avuld Wle temperature problems of rais-nr -423YF fuel to

co,'bus lon tempera.ture in the supersonic combuxstor. Ideally a fuel os ea,-y
ft,) han'dle qsr i.-4 is , +ght, but hydrocarlbýi,s because of 1or flame,• spe',
Llinetia energ-y, and storag.e tem-erature limitstions, are pres,'ntly

A jper perited at the AIAA Third Aaimual Meeting (December 1966)
hI- A. FX-iri ) discusses scrriJt 1eropulsion technology. I,. -.. Ferri
reviews the present status and some of the important considerations on the
use of supersonic combustion breathing engines as prorulsion systems for
ypc•.n lc vc-'ieles. The %uthor conuludes that goc,! l-i ress is being mad®

to+ward solut!ons of the manyz jnoblems that exist but that considerable work
rema-L-s to be done.

in a study issued by the Rand Corporstion last y -ar, T. F.
Kir-K-o,od14) comments on future air transportation systems, 'The author
considers that in the future ranges up to 9000 nautical miles nor, )p will be
v, desirable feature and that under these circumstances an aircf -pable
of cruising at Mach 8 is not out of the question.

Recent studies3) have emphasized the desirability of achieving
higher heat siUk ,apability ir hydrocarbon fuels. Under otherwise equivalent
conditions it appears that in a system utilizizg endotherzin cooling with
WJH, the maxijman sustained speed ahievable woiJ. - orly be about 2/3 of tiat
possible withi liquid L•drogen at a heat sink equivalent ratio of one.
Matching LF 2 would involve achieving repction heat si•ks above about 1400
Btu/ lb. On paper there are a number of ways that this could be 'i-hieved with
hydrocarbon Puels. Preliminary calculations indicate that a number .f
pelycyclic structures should fall in this catcgoiy if maximum dehydrogenaLion
c-oa be achieved. Other reactions in this category include the nlean
catalytic cracking :) -ven-numbered paraffins to etli ;lene anu hydrogen (if
ethane production can be avoided). The c Wtalytic cracking of butadi( ie to
acetylene will yield about 2700 Btu/lb (if ethylene and acetylene are formed,
the value is sbout 1300)- The dehydrogenation of methylamine to cyanogen
would y•eld over 2000 BItu/lb (with some loss in heat of combustion). Hoeever,

..-- *.-.. I ~½iwhiuh w Idv? gCOs seilectivit.y in ~hsc rnactior±s
is a matter still 'o be established.

Two articles's)1G) in industrial Engineering Chemist•r• emhsized
the Importance of a good understanding of the behavior of fixed bed catalytic
bed reactors. Both a,rticles discussed the problem of buildirg models for
sruch reaction syeteio and stressed the velue of the computer iza choosinq
optimum operatirg conditions. It appears on the basis of these articlis that
the mathematictl model we have developed is rore usefuil than anyhrig
available fn the llt~xature.

Rubins and Bauer point out in a recent articlell) that a scramJet
may be required to utilize several oombuetion methods to traverse a desired
flight path and, further, that in thin flight path envelope regious will

16
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e--.i:st which produce comnbustor inlet air tlow conditions in jhlot the chemical
Litir~ re :e3'0jr1 ,-n&ý.W Nfiid rti' whItl) wr)Tt- n rt knowledro of',

-- a-idon chemil-try is neceossary than now availeble. They point out that in
tidL.3 region prcemi-dJg of the fuel -y shorten the combustcr- leng•t and that.
shock-induced combu1tion may be ne-,•ssary or at least desirable. They
further state +.hat, in spite of the advances that have been made in the past
few years, more research on mixing and combustion will be neffded before
renults can be applied with conf.'dence to r-cramjet engrnes.

Laboratory Reaction Studies

The be,-nch-scale laooratory studies of CmeW.'da.e eniotherldo fuels
and t.heir catalyst system- that were initiated under the previous contract,

are being continued urnder the pr sent contract. Tests were conducted in the
apparatus that was developed unmer thg IrTvIous contract, and which was
described in detail in nther reports1')2 a3 and in the Appendix.

Extending the work with nonocyclic naphthenes, 1,2,4, 5-tetrametbyl-
cyclohexane (TeMCHI) was tested for catalytic dehydrogenation and for thermal
reaction. The effect of the alumina catalyst support on the thermal
decomposition of MIH was tested using a Harshaw 0104 alumina (the support for
our' standard 1i Pt on A12 03 , catalyst) anl a fOP alumina that was the support
for the UOP.-R8 catalysts. Extended catalyst life tests (10 hr) for the
dehydtrogenation of meth•ylcyclohexane were done with both the laboratory and
commercial platinum on alumina catalysts. The effect of IONOL®I)on catalyst
stability was determined. A number ofi new catalysts were evaluated far the
dehydrogenation of methylcyclohexane.

Continuing the wo2k with dicyclic naphthenes.-the commaeroie UOP-R3
platforming catalyst was tested for the dEhvd.-ogenation of dicyclohexyl.
Ra- 3 constants and activation energies were calculated for the dehydro-
genations o2 dicyclohexyl to phenylcyclohexane and for the latter to diphenyl,
using data obtained in earlier work. The dehydrogenation and isomerization
of cis and trans Decalin Lomers were studied over the laboratory plattmum on
alumina catalysts. The relative rates for the varicus reaction processes
were computed. 1-44ethyl Decalin was tested with the platinum on alumina
catalysts. Factors influencing the relative stabUlities of platinum on
alumina catalysts for the dehydrogenation of dicyclic naphthenes were studied.

Mixtures of me-ahylcyclohexane with dicyclohexyl and with Decalin
And dv with .! t nalin And with 1-methVjdAnAlin wpre te•t•d for

dehydrozenation and for thersal reaction.

Some exploratory work was done on the thermal and catalytic cracking
of propane.

Procedures for carrying out the runs and analyzing the products for
the thermal aid catalytic experiments and for computing the conversions,
selectiviti•s. end first order rate constants have been described in previous
reports.11'72 ) In this respect it should be noted that these reactions were

,-Uaed as bfiw_ Pi-st ordr.Altho-ugh thLisLS J.5not týrictly Unet lly
accurate, the- calculated k-values are useful in comparing different fuels
S_•,i catý.a-vsts,-a 2,6-Dirertiarybuty!-4-me tblylphenol.
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Mono,'lic Na: hthenles

Deb-drogenation _f o. 2,4, 5-Tetramethylac__.l•jchexanc

1,2,h 5-Tetraethy.tlyc]lohexane ,TeMCH) was tested for catalytic
dehydrogenation an•d for thlinnl reaction a" 10 i atm pressutre and t342-1292*F.

This material was prepared bF hydrogenation of the ( irrespondlng tetramethyl-
benzene (TeMB) and contained at ,east fo s- the six 1,2,4,5-TeM--:H cis-transI
speoi-es. Identifieation of the individual species was not Pade lue to lack
f VIA, referen1e compounds.

The catalytic dehydrogenation wasn carried out over our standard 1..
Pt on fil20s catalyst at 842-1022"F and LHSVa) of 100. Under these cndLitions,
this naphthene showed the same instability that was observed previously with
trimethyloyclohexane4) (TMH), namely, that catalyst denactriation occurred
during ulJL of the runs, This was shown by the increase in catalyst bed
+1emperature during the 30-minute reaction periods (Table 1); and tUe ragnitude

f the temperature increase was taken as a measure of catalyst deactivation.
Thne deactivation was small at 842 and 932 0 F (AT - 18 to 39 0 F), but was con-
siderable at 1022OF where increases in bed temperatures of over 200'F were
observed. This deactivation occurred rather rapidly with over 9% tak-ing
place during the first 15 minute reaction period (Table k). Based on this
criteria the TeMCH was less stable than TMCH feeds where the increas• in
catalyst bed temperatures were 90 to 140'F at 1022OF (of Table 1O).s)

Product material was principally TeMB (85-90% selectivity), with
possible small amounts of benzene and toluene. Our analysis system did
not differentiate between benzene and one of the TeMCH isomers. Consequently,
the benzene yield was taken as the "ncrease in this feed component during
reaction. However, isomerization dui-Lng the run would also increase this
feed component. Thus, the values of selectivities in Table 1 should be
consider.d as minimum.

First order rate consteants were computed at 842 and 932 0 F based on
total feed conversion. These are minimum values due to catalyst deactivation
during the run. Based on the rate constant of 0.98 see-' at 8lI2°F, this feed
was about 1.5 times more reacti-,e than MtH (k - 0.62 see-'). A minimum
apparent activption energy of ý.A kcalimole was calculated for the temperatare
range of 842-9.2,*?'.

in 4"te sTuIy or TrVH, no attcmpt waz madC'ý t identifl h
deactivating reaction. Presumably deactivation was due to a hydrocracking-
type reaction that affects naphthenes with three or mor- substituted alkyl
gi•eups. Gas products were mainly hydrogen but did contAin 0.1% to 0.2%
methane. The small amount of methane produced indicates that deactivation
of the catalyst requires the production of only a small amount of dealkylated
naphthene. This suggests that modification of the catalyst need not be
profound to elimunate this effect. Best heat sink was 429 Btu/lb ý.about 70%
of theoretical) which corresponds to a total heat sink of 1379 Btu/lb at
13407F.

U•l er the conditions of thermal reaction (1022-1293*F, LHSV - 20),
l,2,4,5-TeMH was the most reactive of all the naphthenes tested. With this
"4edstock at 1202 and J~n3*F conversions of Ot.Q and 72.9k. reatectlvelvy.21
a) Liquid Hourly Space Vclcity volimes of feedivolume of catalyst/hour.
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TABLE 1 Part iSDEHYP~DROGENATION OF __.2•.7 -TE, WT HYYCL(iQL41Z•

Pressure: 10 atm

SReact I on TharudI Cetslytfc
SRuthsbar mils. I 1I 1121 111209-1 1 -09-3

Cat•lyst Q - mOuartz hip. --Ch P--- -- i% Pt on A1 .....
Catalyst Vol, l-.-I
U•Sv -- -20 > -. .. ... 0 -

Block 1022 lMi? 1•0? 1293 842 432 1072 1022
Vi 1017 iP 0 175 1244 30-29 8W2.03 903-.0 990-10P3Catalyst Bad 995 1065 1114 1157 626-44 593-732 808-993 993-1007

617-19 686-89 768-9?5 975-10.
65044 716-17 795-916 916-1000
671-62 145-34 8.10-46 860-997

Reaction Parlod, sin K --- 20 - -> 30 30 15 16

I'mduc' Antlysia, %w
Craclked - 0.9 4.5 8.4 8.4 - 0.3
Hopions. I 011 0.5 1.1 1.9 .
m 1 0.3 0.6 1.3 1.6
DUCH 0.7 2.1 i.7 1.7 "i --r i- 0.2 0.3 1.8 2.? 2 .
U'4 - - 0.5 0.5 -

U-b) 0.1 0.7 1.1 0.8 - -

U~P) 0.2 1.2 2.2 1.4 - 0.4
food Bow,,) G.5 1.6 2.1 2.4 3.6 20.5 6.9 2.9 I.?
Feee 40.8 42.3 42.6 25,r 9.2 21.6 18.4 19.4 35.1
Ije) -?.2 3.1 - - "
Food 9.4 8.5 6.1 4.1 I.? 3.6 2.3 3.i 8.3
Fed •o ~uenod) 48.9 44.0 30.2 16.1 13.3 5.6 .l 1 .7 34.4
Use) 0.5 1.3 ;.9 I .- 0.5 34

Xylanr : .U 2.0 7.3 .3 - 0.1 0.5
Xylem.a 0.1 0.1 1.4 2.0 . .
Tri 48 0.2 1.1 2.4 0.6 2.9 1.2
Uge) 0.1 0.5 - 0.5 1.2
1,2, 4, 5-Te4- - 58.7 66.2 63.2 12.5Lliflt 6as -5.S8 18.8 32.6 - . -

4.3 19.6 53.0 72.2 68.3 75.3 69.9 21.3Conversion, % 5

Soioctivity for - - 859 90.6 90.4 58.7
1,2,4,5-T4MB, % v

k sec c" 0.010 0.049 0.177 0.312 0.981 1.213 -

E. act, kcal/mole - 49.0---------- -- - 5.4

Heat Sink, Btu/•b
Reaction 0- 29 6 78 376 429 391 78"Total at Block 1ea 672 794 892 8 98 926 1044 iC76 763
Tots at 1340"1 I 97 979 fif Ifl 9 0• '70 1A31 I M

a) CG and lighter pareffir, Led olefins.
b) Unidentifivd; presumed to be pantially dehydrogeneted naphthenes.
c) reed . 0.9%, the rest taken e5 bonzene as feed isomer and hionrgne not separable.
d) Not seporable on our colvran; assu&6 no toluene formed.
e) inidentifled.
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were observed (Table 1). Product material was liquid and gaseous cracked
material and ayllrl aromatics. Product distribution of the light gas f'raction
is shown in Table 2. Heat sinks due to reaction were 60 Btutlb and lower due
-o hydrogen traxsfer reactions.

First order rate constants were calculated from the overall feed
conversions based on the wall temperatures, from which an apparent activation
energy of 49.0 keal/mole was computed. An Arrhenius plot of the data did not
give a straight line (Figure 5) and the activation energy value was based on
the best staaight line drawn through the points. Actually, from the plot of
the data it appears that the activation energy decreases with increasing
temperature (or canversion) which suggests that at higher temperatures
reactions with lower activdtion energies are becoming more preaominant.

Based on a comparison of first order rate constants at 1202'F, the
reactivity of 1,2,4,5-TeMCH (k . 5.18 see-1 ) was greater than all other
naphthenes tested. (of Table 16)3

Catalyst Stability Tcsts With Methylcyclohexane

Bench-scale tests (n the dehydrogenation of methylcyclohexane over
both -he laboratory 1% Pt on A1203 and over the UOP-R8 catalysts showed a loss
in activity of about 2% over a 90-minute reaction period (ca 1._%/hr) when
the reactor was operated at high MCH corversion.2) While this activity
decline rate could be tolerable for ot, intended catalyst application, it was
germaine to see if catalyst stability improved or declined with further use.
At the same time it was of interest to investigate the effect of a feed
antioxidant (IQNOi) on catalyst stability (earlier test. had indicated no
gross effect).

Thr,,e extended series of runs were carried out over a ten-hour
period at 10 6tm pressure, 10220 F, and at LHSV of 50. These tests were done
with pure NCH over the 1% Pt on AL2 03 catalyst and over the UQP-R8 catalyst,
and with MCH feed containing 50 ppm IONOL over the UOP-R8 catalyst. In Uit;ise
experiments the dehydhogenations were interrupted for 15 minutes after 6 hours
reaction in order to refill the liquid feed reservoir. During this time the
cata3yst was contacted with hydrogen at the reaction temperature. In these
tests the clangc in MCH conversioi, was taken as a measure of the change in
catalyst activity. The data arp t.•hilat•z1 in hTh ' nni R

In all three tests the change in catalyst stability appeared "o
follow the same_ pattern (see Figure 6). Catalyst activity declined rather

rapidly initially and then more slowly and at a constant rate after 1-2 hours
reaction time. Hydrogen %reutwnnt enhanced the activity temporarilv.

In the tests conducted with pure MCH feed, the activit7 ar_
stability of the 1% Pt on A12 03 catalyst was greater than the UOP -R8 k iee
Figure 6). Thus, after three hours' reaction time the constant activity
decline of the Pt on A2lts catalyst was 0.44*/hour compared to 0.58 per hour
for the U3P-R8 cata.lyst. With IONOL both activity and catalyst stability
(UOP-R8) were lower than with the pure MJH feed (O.8j4/hbr). Thus it appears
that IONOL in concentrations of 50 ppm is deleterioaz to both catalyst
activity and catalyst stability.
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THERMAL IUFAXTION (F 1.2.4. 5-TETRLMEThYLCYCLOHBXANE

Gas Phase Product Distribution

Prensure: 10 atm
LHSV: 20

Run Number 11 112-1 112-3

Block Temperature, *F 1112 1202 1293

Conversion to Light Gas, 5w 5.0 18.8 32.6

Product Analysis, ýv

H2 9.8 11.5 n1.4

CH4 73.8 65.8 61.5

C2 H4  2.8 3.5 4.4

02 Hr 6.1 6.8 7.0

cs 5.5 7.8 8.8

C3 11s 0.8 1.5 1.8

c• - 0.2 0.3

,P U. n.4

C4HIo .4 0. 0.3

j Iigher than C4  o.4 0.7 1.3

21
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Part I Temperature, OF

1244 1)75 1101

t I

0

i4

S0.1

Pressure: 10 atrr.
LHSV: 20

0.01
1.0 1.1 1.2

, Ia ... 13
t/ I N' X I'

Figure 5. THERMAL REACTION OF 1,2,4,5-TETRAMETHYLCYCLOHEXANE
TEMPERATURE COEFFICIENT

22 - 62392
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0 0 0' R a- 9r8 us % uC8 sy-%4

U CMO. C; C; C; ; CC; C C: 0~~O~ 0~ o C, C; 0' (0J 0l C

4-1 0)

01

z 0)

0)00. C\3 0 o0C').\- ' r ý rIO N\Ol
W. \C Ili 11 -!Ta510 ! ý-I--) t-li lý ý ( ,B i

g 6Fr 6 -:Q*Z '\b, Q, \,t- t-t-t

0 CU\
0 Cl Lr 0 r\ UI 0 Ll% Lrl 0Lr U0 Oi2 L r -Ia N \ 0V'~ t r-I

cot. +' - )

K-\ r-4 C-4 r-~4 LLN\ r- -.- - --I ruc - 4' r-\jC H.-I Cu r"-4 r-4 r-I -e1 ir-4 .-jr-
ON H1 r-4 " . - 4 444r4 r-4-4.-f.H HUCUL\J0JC\FC F ~t-\t r-** r-4 ¾ r- -
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Tabl Ii* "D)P.CY2WAPTrw r~' wA?9 Imfl' i d r,&MTA ft ^Y A MP cA2.VVr LIFE TESTMfl

Feed: Pure MCI Catalyst volume: 7 ml
Presquire: 10 atm Block temperature: 10220F
LIM: 50

Temperature,Ran No. Reaction OF Product -Analysis, , MCH

9347- Time, Conv.,
hr Wall Catalyst Cravkea MCH Benzene Toluene

123-1 0.25 860 707 0.1 1.4 0.8 97.7 98.6
123-2 0.5 855 704 0.1 1.9 0.2 97.8 98.2
123-3 1.0 853 698 0.1 3.9 0.3 95.1 96j123-4 1.5 851 698 0..i 4.1 0.3 95.5 95.9
123-5 2.0 851 69, 0.1 5.2 0.2 94.5 94.8
123-6 2.5 8149 693 0.1 5,0 0.2 94.7 95.0

124-1 3.0 349 693 0.. 6.0 0.2 93.7 94.0
124-2 3.5 849 695 0.1 6.0 0.2 93.7 94.0
124-3 4.o 847 691. 0.1 6.3 0.2 93.4 93.7
124-4 4.,5 817 689 0.1 6.0 0.2 93.7 94,0
124-5 5.0 842 686 o.1 6.9 0.2 92,8 93.1
124-6 5.5 84j 689 0.1 6.4 0.2 93.3 93.6
125-1 6.0 846 689 O.i 7.3 0.2 92.4 92.7
125-3 6,25a) 866 711 0.1 3.9a) 0.3 95.7 9b.1
125-4 6.5u 867 709 0.1 4.2 0.3 95s,- 95.8
126-1 7.0 869 707 0.I 4.4 0.3 95.2 95.6
126-2 7.5 867 707 0.1 5.2 0.3 94.4 94.8
126-3 8.0 858 702 o.1 6.2 o.4 93.3 93.8
126-4 8.5 853 696 0.1 7.5 0,2 92.2 92.5
126-5 9.0 851 696 0.1 7.9 0.2 91.8 92.1
127-1 9.5 84P 68Q 0.1 8.2 0. QIA. Q1 8

1Ž7-2 110.0 k;49 08 .1 8.'( 0.? [ 1.0 ý1
a) Catalyst hydrogen treated at 1022°F for 15 minutes before this run.
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(P1 hT~IC' andthee h' r promis81 ng ix- f'i ýhor 11511l'iC-cI

xc'.e tnjc1,x~e 'V0'I A ~ V 
1

ha 'q r '

a.30 atn;, ano L7. Of '- --- A ii

A number of tha5 Iat wL&V--J2 ed vzrcnrs1-ig under iniaro-scale
ie-sting. wcrv evaluia4 -ed in rmr btm'y-'h icIrA nto These catalyvsts
conta-ined ;'-ryinpE an1runt-! of active mnrtor!lals itn'1ited C!_ vari-ous supports.
The tests were. done in two groups with a test with the standard lahýoroitory
catalyst done in. each group for rferne During thc Linterval between the
first and seccnd sieries of tetthe eha ite £rnace 11 tiers wzarped and
had 'to be. replaced. The new liners Made bet:.ter tYV~ P ith theo reACt-aci
tube than did theirl predecessors. Presimably '+'JY11s b--tit -r:tJ-ortt
contacu6 enhanced Th1e heat conductivity of the system. axis resulted. in thle
h4-he c- con-versions forv-, a given bi. t emperntuXr Vr- wasL ob~servE :'4 in
tbe second series of runs,

Ut: esults of' ýihe tests, thFw conivitI r t'ec run, andi the,
order, in 'wsothe runs w'n-c, miade-: are shown in Table 6. J-ach catal-yst was
rated(. a,; -c-c "Relative Performanc~e", This ratinak ',~ designed to s-bow hou

tie e'ealstwas9 performing at thc'- end of the test, relIt .ve tc the stutrd
catalyst anrd ;-antitatively was t~aken :-o theW ratio of the fira-t- order
rate con.s-t'ant with the cately-t I(k9c to that with-i-the itr adcatallyst (1r8 )
calcýulated f> cm -the MCH conversion. of Riun No. '7.Base,.. or,ý thjis, rituxri&
•everal of thýe ctýa"-ysts teeth a!rcared to be1 -;- V"'

4 --- taeiitA
atandard c.'atalysL1. Activat-ion energies i-or 'the varioia1 cataiys~ts ranged
fl-ow 10 to 17 kca.l/mrle. ml se values were calculated from the first orde-

rats cO~S t~rL~ ubi±En~t1 ~ Uit ciatu of Iwi., LC;1 ctd2.Ororly
a parf-llul1sir between the raltioc of the rateý constants and the I atio Of the.'
activation energ~ies (E0 /F1- indicating 'that the better catii.ysts would be
even more superior than tile standard catalyst at higher teqperatures.

regeneratiaity remain to be investigated. This will be studied in the
course of future work.

Thermal Reaction of Methylcyclohoxane_ Over Alumina

It was of interest to test The reacution of' 14C over rA.,e aluminas
that were useýd as supports,- -for our p.latJinun cat'alysts. These tests were
carried out in1 tha same manner as 'the therrmal reaction tests, with a8nxnina

substituted for cnuar L7 chips (pages 20-22, reference 2, for de-tail3ed run
ý'Eouedi- ,es) ,''-j.dla 0 -0 - -LZ . .-..- -fl -O - -

at '10 atm press0 ~e, 1022-12ý9'F' and at, Li-SV of 20 (20 a0tI aD~'lumin; 1,0-270 uvesb).

Metbyleyclohexane, re(,acted r-efdiiy ovier both bmaeto dive cracked
an1t dehydregenated oroduczto. 1Thcn liqluid oreaunts: 4,e're tueci: aiýed 'Cy CIL

T
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amaly,7!, asttt•±cyco1 xener, r;-teyl l aohsxa.Hienes,S) benzene, toluene, and
cracked material (Table 71. Ana-<-sir of the light gas products are shcwi in
Table b. Pt 12',5°F (block temperature) extensive reaction occurred with

rh~ g.• thb Mi':!• H nrrxd. Uu' uirre an n L••, i.cm cond ... ns 00-SO•"'F
te:iperatupe differncmes wý- t' observed between ,he biock and cataly.st bed
t.emiie.rat.ne.-. Heat w-its we-re low . due. to cxothe.•rc hydrogen
transfer reactions between the products. Lower conversions and beat sinks
wore cbhc yved :t lower tL: crat.w c. MC! w:.; more reactiv( over the Liarshaw
0104 than over the UOP support. -he dati 4re presented in Tab )h , which
also ineludes data obteined preyv uasly,? -)) with quartz chips.

First order rate constants were computed from tAhe conversion of
MCIIo Basel on these values at 12;t2F the Ictivity of MCI was i.6/1.5/1
over i1arshaw alumina, UOP alumina,and quart- chips. F'urther, the yieldL of
dehydrogenated products and light gas products obtained with the aluminas
were greater than those obtained with quartz c'ips. This enhanced
reactivity of MCH over alumina could he a diffu-Ior effe:ot reflecting the
greater pore volumes, and hence holding time, of the nlucL.itLUO. Activation
energies were computed from the first onder rate constants and were 44.9 and
40.5 kcaJ.!mole for harshaw and UOP alumina, respectively. compareC to 46.1
keel/mole for the quartz chips. Figure 7 is an krrhenius plot of tl-i data
for all three systems. It is doubtful that the differences in E vari'es are
significant. Although it is evi.Žcnt that the aluaf•das are weak catalysts
for the cracking reaction, the effect in the temperature region of interest
for catalotic ceactions (i.e., below 1050'F) is probably unimportant,

T2herm.-al Rea:tion of' Ethylcyclohexane

The thermal reaction of ethylcyclohexane(ECH) was studied briefly
uider the arevious contrac-,, 2 ) This naphthene appeared to be considerablv
less stable than the other monocyclic nanhthenus that were subsequently
tested. The ECH feedstock was a commercial product, "IPr; "tical" grade and
was passed over silica gel prior to use. Because the rear-tivit. of this
material was so much greater than that of the other monocyclic naphthenes,
it was suspected that impurities present might be acting as "initiators" for
the thermal reaction. Consequently a high purity ECH feedstock was prepared
by the hydrogenation of ethylbenzene. This feed was tested at 10 atm

The reactivity of this lot of ECH was lawer itha that of the
"Practical" grade and was the same as that of MCH under the above test
conditions. For example, at 12020 F a first order rate constant of 0.08 sec- 1

was observed for both MCH and hlgh purity ECH compared to 0.26 sec- 1 for +he
"Practical" grade ECH (Table 15)., With the high purity ECH thde reaction
was highly exothermnc due to hydr)gen transfer reactions and had a calculatea
ex.hecrmc heat of reaction of 5C0 B3t½/lb at complete conversion. The
nrciot I i-tributicn for the lirht Pas troduets is shown in Table 10. From
the first order rat2ý constants an activation energy of 48.7 kcaw/mowe was
calc.lated co.pared to 4; kcal/mcle with the "Practical" ECH. Fl n -- is
Arrhenius plot of the data. ue s- %,,'s the relative reaction rates and
a.ctivation energies for the theymal reaction of ve.riou, naphthenes. This
inclucerlthe data for nigh purity ECH anu replaces FiwKur'- in a pce'nuo'us 0

a) See footnote (a), sage 2& of reference 2.
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Qn•e Phaae Produtt Distribution

Presaure: 10 atm
JISV: 20
Catalyst Volume: 20 ml
Reaction Time: 20 min

R= u !imber 827''-58-2 001 1-3 104 10100-1 100-5

Catalyst Quartz Harshaw UOP-R8 BaseChips 01C4 Alumina Alumina

Block Tewperature, *F 1293 1202 1293 1202 1293

Conversion to Light Gas,'w Z1,5 10,0 30.6 8.4 21.8

Product Ana~ysis, ýv

H2 18.6 62.7 37.8 65.3 43.7

Ch4  39.4 21.6 31.1 21.4 30.4

16.0 5.2 9.• 4. 7.5

C2A 11.0 4.8 8.9 4.0 7.5

C3He 9.5 2.9 6.2 2.5 5.0

C3 He 2.1 1.2 2.6 1.0 2.2

CaH 1.0 0.2 0.7 0.2 0.5

0,H3c 0.2 0.1 o0.4 0 0.3
CSH1 0  - 0.1 0.3 00.

C5H'1 2  - - 0.1 - 0.1

Higher than C5  0.1 0.1 043 Ii0. 0.3

-12
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Pressure: 10 atm

-- LHSV: 20

,j 1.1 1.2

1000/10 K (Reactor Wall Temperature)

Figure 7. THERMAL REACTION OF METHYLCYCLOHEXANE

OVER ALUMINA
Temperature Coefficient
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Table 9. Th L REACTION OF ErMUMLOEANE

Pressurne: 10 atm Reuction Time: 20 min
IM: 20 Catelyst Vol: 23 ml
Catalyst: Quartz Chips

Run No. I0100- 12 14-1 14-3

Temperature, *F 1022 1 1112 1202 1295
Block 1022 1112 ..02 1295
Wall 1013 1101 1180 1247
Catalyst Bed 986 1072 1130 1175

Product Analysis, iw
MH 0.2 0..5; 1.3 3.0
U.a) 0.4 2.1 5.0 9.6
ECH 99.0 92.0 77.2 42.5
u2a) 0.0 0.0 0.0 o.0
Tlene 0.0 0.3 0.9 4.8
U;a) 0.0 0.2 0.5 1.0
Toluene O1 0.0 0.0 o.4
Ethylbe-riene 0. 0 0.0 0 .0 o . 4

Heavier ThArl Etlklbenzene 0.0 000 0.0 0.5
Cracked, liquid 0.4 2.0 5.0 I1.0
Light Gas 0.0 3.0 10.0 26.3

EGH Conversion, %. 1.0 8.0 22.8 57.5

' k, Ovicai, Se-' 25 0.0 01 0.278

Ej act, kcal/iole 48-.7 _
a) nidentified.
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Table 10. THnU&kL REACTIOI: OF ETHYLCYCLOHICANE
MAs P E iODUcT. DI•RIBUTION

Pressure: 10 atm
UiSV: 20

Run No. 10100- 13 14-1 I4-3

Block Temperature, OF 1112 1202 1295

ECH Conversion, ýw 8.0 22.8 57.5

Conversion to Light Gas, kw 3.0 10.0 26.3

Gas Product Analysis,
H2 12.6 11.5 12.8
CH4  42.3 34.6 34.3
Cl4, 21-1 23.3 21,3
C2He 17.5 20.4 19.2
CSY6 2.7 5.1 6.4
C,',H 1.5 1.9 2.2
C,'4U 0.5 1.0 1.0
C4H8  0.7 1.9 2.2
C4 H1o 0.0 0.0 0.1
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If the employment of thermal cracking as a heat sink reaction
becomes attractive, it will be worthwhile to investigate in more detail the
nature of the impurities in the "Practical" grade of ECH that were
responsible for the enhanced rate of reaction. However, it will also be
necessary to determine if 4t ic pcssible to simultaneously control the
exothermic H-transfer reactions which reduce or destroy the endothermicity
of the overall reaction.

Dicyclic Naphthenes

Dicyclohexyl

Reaction Rates for Debydrogenation of Dicyclohexyl and
Phenylcyelohexane

The dehydrogenation of dicyclohexyl (DCH) to dephenyl (DP) was
shown to proceed in two detectable steps, in which phenylcyclohexane (PCH)
was an intermediate product.s) In this earlier work first order rate
constants and apparent activation energies were calculated for the dehydro-
genation reaction, based on the rate of disappearance of starting material.
Presumably these values were for the first reaction step, namely DCH --
PCH + 3H2. Using the data of this earlier work, the rate constants and
apparent activation energies now have been calculated for the second
reactior step, PCH - 4-- DP + 3H2 , following the method of Wheeler.18) In
his treatment of a system using a porous catalyst, the fraction of DCH
converted to PCH(Cr) in terms of the fraction of DCH reacted (aA) and the
selectivity factor S, is given by:

S- - (1)

where S = -I = rate constant for DCH -0 PCH
k2  rate constant for PCH 0 DP

This equation is a rearrangement of Wheeler's Eqvation 92. By trial and
error a value of S was obtained that satisfied equation (1) using values of
(B, aA and k, obtained in previous work. It was then possible to obtaLn k 2

from S.

The results of these calculations with two different sets of data
are presented in Tkble 11. At low temperature (84)2-932°F) the dehydro-
genation of DCH to PCH was faster than the debydrogenation of PCH to DP, and
the overall reaction was more selective for PCH than DP. At 1020°F Pnd
higher the dehydcogenation of PCH to DP was faster and hign selectivitics
"for PP were 3btaizcd. The apparent activation energy for the reaction
POM - DP, calculated from the rate constants (k 2 ), was 4ýi kcal/mole
ccripred to 8 kcal/mole for DCT, PCH. Figure 10 is an A.:-chenius plnt
a: td• data. This suggests that the change in DP selectivity with

-;, ture ic at least in part, a kinetic effect.

,,,a• c study this reaction in the ?SSTR wl.re, .n•±,-- ..

-'i i, -wi be 11,ore to oee if t1,1
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Table 11. COMPARISON C' REACTION RATES FOR DCH -> PCH
AND PCH - > DP

Pressure: 10 atm
Feed: 98.4 DCH

1.6dj PCH.

Run No. 9426- 62-1 62-3 63 93-1 93-3 94-1

Temperature, *F

Block 932 1022 1112 842 932 1022

Wall 819 880 963 756 824 89.

c*A 0.590 0.664 0.761 0.530 0.592 0.665

aB O.220 0.138 0.082 0.314 0.216 0.134

S 1.8 0.6 0.38 5.0 i.5 0.6

First Order Rate
Constant for, sea-1

k3.- DOH --- > PCH 0.79 1.01 1.40 0.63. 0.76 0.97

kL = I %H -- > DP 04i. 1.44 3.68 0.12 0.51 1.62



0
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Pressure: 10 atm
LHSV: 100

PCH - DP + 3H2-i

o.il _________________ ~ .~i~..~. I "
1.30 1.35 1.40 1.45 1.50

1000/T, °F

Figure 10. TEMPEF'ATURE COEFFICIENT FOR THE DEHYDROGENATION
OF PHE14YL CYCLOHEXANE
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additional c.-plications introduced by the ý-on.:eCutive rfact io.i cIn be

hvidled by cu. packed -.cd o-eactor program.

Dehydrozenatilon Over UOP-R8 Catalyst

Good catalyst stability for the dehydrogenation of dicyclohexy"

(DCH) was 3bserved with our standard laboratory platinum on alumina

catalyst. ) For the dehydrogenation of dsz:lLn, moderatelY good stability
was observed with this catalyst and poor stability with the UOP-R8 platinum
catalyst. 3 1 Thus it was of interest to test this commercial'catalIyst for
the dehydrogenation of dicyclohexyl.

The tests were done at 10 and 30 atm pressure, 842-.1022 0 F at
LMV's of 30-100. The test procedures and the method of analyzing the
reaction products were the same as used in the experiments with the
laboratory catalyst.,)

At 10 atm pressure,good catalyst stability was observed at 84,2°F.
At higher temperatures, however, catalyst bed temperatures increased during
the run, signifying catalyst deactivation (Table 12). At 1022°F the
deactivation was considerable and the DCH conversion at this temperature wao
less than that observed at 9320 F (Table 12). In these experiments the
magnitude of the catalyst bed temperature increease was taken as a measure of
catalyst deactivation. DCH conversions at 842 aru 932°F observed with this
catalyst were slightly higher than were observed with the laboratory
catalyst; which suggests that initially the ccmmercial catalyst was slightly
more active. However, selectivities for diphenyl at a given conversion were
slightly higher with the laboratory catalyst (Table 12; values obtained
with the laboratory catalyst are shown in parentheses). These were abstracted
from Table 22 of a previous report.3)

Incrasing the pressure appeared to stabilize the catalyst
(Table 21). Also, operating the catalyst at elevated pressure appeared to
stabilize the catalyst for operation at 10 atm pressure. For example,
at 10 atm pressure and 1022 0 F an increase in catalyst bed temperature of
only 41°F was observed after operation at 30 atm (842 0 F, Table 13) compared
to an increase of 108'F after operation at 10 atm (842°F, 9320 F, Table_12).

The effect of pressure on conversion end selectivity for diphenyl
Uýou th-' x~r ",z L

in Table 13 where -tne values obtained with the laboratory catalyst are
shown in parentheses. These valuzs were abstracted from Table 25 of a
previous report. ;•

6•erating the reactor at high conversion also appeared to stabilize
the cata.lyst. Thus at 83.91 and 9.4.1% conversion increases in catalyst
temperatures of onlJ 26°F and 16°F, respectively, were observed (Table 14)
compared to a temperature increase of 108'F at 60-65% conversion
(Table 12; 10 atm pressure; 1022°F). The complete data for the runs a high
conversion are shown in Table 14, which also shows the effect of space
velocity on conversion and the effect of conversion on selectivity. The data
obtained with the laboratory catalyst are shown in parentheses for comparison,
and were abstracted from Table 24 of a previous report.3)

41



A7•-aT? 1 -! '

Table 12. DEIYDRCMATION OF DICYCLCEEX(L OVER UOP-R8
CATALYST: EFFECT OF TtVE1ATURE

Fressure: 10 atm Catalyst Volume: 7 ml
LHSV: 100 Feed Con-IC.gition: 97.2% DCH

2.8* PCH

Run No. 10100- 24-1 24-2 25

Temperature, "F
Block 842 932 1022
Wall 712 815-24 921-42
Catalyst Bcd 663 671-87 781-878

626 657-66 752-860
628-6 658-50 727-63
617-2 646-44 707-12

ATmax "F, catayiyt bed -5 +16 108

Product Analysis, %w
Cracked 0.6 0.6 2.0
DCH 42.2 34.2 37.3
U0a) 0.0 0.3 3.0
PCH 37.9 30.0 16.6
U,,a) 0.3 0.0 0.0
DP 19.0 34.9 41.1

DCH Ccmversic,, %w 56.5 64.8 61.6
(52.2) (58.3) (65.4)

Yield PCH, %w 35.1 26.7 13.6

Selectivity for, %w
PCH 66.2 41.2 22.1
DP 3C.3 5)

(4.8)
k, Ovrerall, see 0.66 0.91

a) Unidentified.
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Table 13. DEHYDROGENA0TION OF DICYCIar= OVE UOP-R8 CA•, LYST:
EFFT OF PRESSURE

LHSV: 100 Feed Composition: 97.-2 DCH

Catalyst Volume: 7 ml 2.8/ PCH

Run No. 10100- 33-1 33-2 34 35

Pressure 10 30 30 10

Temperature, "F
Block 842 842 1022 1022
Wall 753-59 794--92 932-34 934-48
Catalyst Bed 648-44 691-93 750-52 747-88

637-35 868 736-40 723-58
61(-19 682 721 676-96

617 684 727-2+5 682-91~Tmax., OF, catalysý' bed +2 +2 1~ 41Product Analysis, low
Cracked, liquid 05 1.2 2.7 0M8
DCi 42.8 54.4 23.0 27.5
,la 0.0 0.0 1.2 0.3
PCH 38.7. 37.8 41.2 19.2
DP 18.0 6.6 31.9 52.2

DCH Conversion, 5w 56.o 44.o 76.3 71.7
(52.2) (38.5) (75.3) (70.5)

Yield PCH, rAw 35.9 35.0 38.4 16.4
Selectivity for, ýw
PCH 64.1 i7"9.6 5r,). 4 22. 933.3 15.5 43.0 75.0

(38.4) (16.9) (40.5) (74.2)
k, Overall, kcal/moie 0.680 0.230 O.454 1.206
a) Unidentified.

,43



-able 14. DEHYDRMATION OF DICYCWIRXYL OVER UOP-R8 CATALYM'±:
EFFECT OF CCNVERSION CN SELECTIVITY FOR DIPHENYL

Pressure: 10 atm Fecd Composition: 97.2% DCI
Catalyst Volume: 7 za 2.84 PCH

Run No. 10100- 27-1 27-2 28-1 28-7

LHSV 50 30 50 30

Temperature, OF
Block 842 842 1022 1022
Wall 774 779 936-38 948-54
Catalyst Bed 653 686-82 800-26 882-96

633-35 622 772-92 810-26
653 650-48 729-30 763-70

658-55 655-53 738-29 781-771
ATmax, *F, Catalyst Bed +2 -4 26 16
Product Analysis, %w

Cracked 0.3 0.3 1.2 2.0
DOH 22.6 10.0 15.6 5-7
up) 0.0 0.0 0.9 3.6
PCH 37.4 27.1 10.3 4.9
DP 39.7 62.6 72.0 83.8

DCH Conversion, %w 76.7 89.7 83.9 94.1
(78.3) (93.2) - (93.8)

Yield PC0H, % w 34.6 24.3 7.5 2.1
Selectivity for, % w

PCH 45.1 27.1 8.9 2.2
DP 53.4 71.6 88.3 91.6

J(57.0) (79.0) - (95.4)
k, Overall, sec-I 0.61 0.57 0.86 0-81

a7 Unidentified.
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In sujz: rv •n t the dehydrogenation of DCH, the o :

MoP-ne catalyst was less stable and slightly less selective for

diphenyl than t~h laboratory platinum catalyst._ Th- -affect -f pr.ssue
and space velocity on convy ?icn ano on selectivity for diphenyl appeared

to be the same with both catalysts. The commercial cata],yst was

stabilized by operating the reactor at P) hiher Dressitres (20 to 30

atm); b) high conversion; c) 30 atm pressure prior to operation at
10 atm pressure. The effect of high pressure is generally favorable for

the intended u;.e since it is anticipated that the fuel will enter the
reaction zone at several hundred pounds pressure. The effect of pressure
and high conversion on catalyst stability during the dehydrogenation
of naphthenos Is discussed in detail in a later section.

DecalLn

Reaction Rates and Equilibrium Constants for Dehbydrogenation of
Decalin and Tetralin

The study of thle dehydrogenation of Dek2l. (DBN), initiated under

the previous contract2)3) has been continued. Using data obtained in the
previous work, 3 ) data appearing in the literature, 409) and data obtained
from our laboratory experiments, equilibrium constants and first order
reaction rate constants were calculated for the reactions DHN > Tetralin
(THU) + 3H15, and THN --- Naphthalene Mu) + 2H2 ; relative rates of cis DEN
to ti'arz DHN and trans to cie isomerization and cis and trans DHN
dehydroger..±tion were determined; and a series of experiments to determine
th, effect of reaction variables on two dIfferent platinum on al,,mina
cata.L.&ts were carried out

Under our test conditions the dehydrogenation of DHN to naphthalene
(N) 'was a two-step process with tetralin (tetra1hydrenaphthalene;THN) as an
intermediate product. Schematically the reaction can be represented:CO ~ ~+ 3H2 ---- IIIi+ 5H2

OHN MI, Naphthalene
The heat of reaction to form T.101 is 670 Btu'lb.

Both reactions were equilibrium limited at high conversions ana in
the lower temperature region at both 10 and 30 atm pressure. Reaction II
was faster than I and the back reaction was significant for II but not for I.
Figurel shows the thermodynamic equilibrium constants for Reactions i (Kpl)
and II (Kp2 ) as functions of temperature. _Ps was obtained by extrapolating
the equilibrium data of Allaur and Vlugter. 4 ) Kpj was obtained using the data
of Mjvazawa and Pitzer ' 9) ý-Ad fhe caicu~ated Kp2° Fifure 12 shows
equilibrium concentrations of DHN, THN, and N at 10 and 30 atm pressure as a
function of temperature using the calculated Kpj and Kp 2 .

Comparative test data for the six feedstocks at 10 atm pressure
aend 842-1112°F are .ecorded in Table 15. At this pressure the decalin
r ... vi÷+4 varied with each fe-dstPtoc-. F+'tr-er .... + (i.e.,
C<>•,w.1 C:,n) appeared to increase with increasing fraction of cis isomer in
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+he feed (Figurel e ). There appeared to re some ciL to trans iso::,ization
during the runs (cf 9426-199-i and 9654-6-1) hence the relative reactocn
rates of the cis and trans species could not be quantitative]-" deter:ndnhd
from these data.

S-,me catalyst deactivation occurred during the 30 minute runs with
all six feedstocks. This conclusion is based on the observation that tbie
temperature of the cataljst bed increased during the run (Table 15). The
magnitude of the temperature increase was 4aken as a measure of catalyst
deactivation. Curiously enough, poorest catalyst stability wes observed
with one of the purest decalin feeds, namely, EK 1905 where at 1022°F the
catalyst bed temperature increa'ed 64 0 F during -,he run, compared t,) an
increase of 43OF with the "Practical" grad EK P1905. (At 1112°F the bed
temperature increased over 300°OF with the EK 1905 feed.) This suggested
that trace impurities in the P1905 were modcrzting the catalyst to suppress
the deactivating reactions.

Rate constants and apparent activation energies were calculated
from decalin conversion. Because of the concurrent deactivation during
dehydrogenation these values were minimal. For the six decalins tested, the
activation energies ranged from 7.7 to 12.2 kcal/mole (Te-i-_ 15).
Presumably this variation in Eact was an isomer effect a6 the feeds with the
highest and lowest Eact had the highest and lo;est concentration of trazns
DHN, respectively. Indeed, it will be shown later that the apparent
activation energy for dehydrogenation of trans isomer is greater than that
for the cis species. Figure 14 is an Arrhenius plot of the data for the
six decalins.

Figure 15 shows conversions as a function of furnace block
temperature at 10 atm pressure. The slopes of the curves are reasonably
parallel although conversion at a given temperature vary considerably
between tghe decalins.

Selectivity for naphthalene was high and increased with increasing
temperature. This was a kinetic effect that depended upon the relative
ratio of Reactions I and II.

The first order rate constants for Reaction I were calculated from
the rate of disappearance of DCH ard are shown in Table 15. The rate
constants for Reaction TI for F-111 and F-113 DHN were computed following
the method of Wheeler 2 e) and are shown in Table 16.8) In both of these
calculations, the effect of the back reaction was neglected.
a) In a system using a porous catalyst, the fraction of DHN converted to

TEN, in terns of the fraction of DFI converted, tA' and the selectivity
factor, QB, S, is given by: ,

'2B S-- ([ (1-aA I.1 (2)
where S rate constant for DHN----* TIh .I k,rate constant for THN----> N k2

i! This equation is a rearrangeme:nt of Wheeler t s E uation 92. By trial anderror a value of S was obtained. that satisfied Equation 2. k2 then, was
obtained from S.
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Figure 13. TOTAL CONVERSION OF DECALIN AS A FUJNCTION
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Tnble 16. REACTION RA.TI AW} UILIBRIUM CONMTAfl'S KC,

19kpgLj. -- .
T ;)eaiture, F I

Block 342 932 IM12 I 932 IM2
T36l &-4t 915-?'4 .1 I 7

Gas Exit 670 71, 66-1 -09 716 3
nLqtud Product MA~al~s, i• I
DHN 62.7 53, P 44.3 59.41 50.4 4.3.1

;8W.8 11.6 8.2 5.11 27.5 39.2 50.7 29.0 41. 1; .2
0.370 o.461, 0.5F53 0.4 0.0 ý 0o2 0.565
O.)o4, o. u70O. o.04 112 C. 3 o. 07

S 0.42 00.0 0.10 O.45 0.22 0.12
Procuct AnvIysiu, Tm I

DMN 22. 1538 1. 3 20.1 14.6 1o. 9
THN 3.6 2.5 1.> 4.1 2.5 1. L
N 10.) 2.6 1.3-9 10.?7 12.9 14.0
A 63.6 69.4 73.5 65.1 70.0 73.8

F Tallihrlum Conatant
rHN -+THN + 39

4z 49 47 55 59 52
1,150 5,800 33,500 950 5,400 38,000
0.037 0.008 0.001 0.)58 0.018 O.-Oi1

o-1% 1x~i , "I 1 5 , 1.YI 160o' .9ý0 365 100
KIip0.675 0.69r2 0. 622 o.70 T7 o.6931 0.544

CowinUnt s er-'
kL - D-3DI -oTHN + ANi[ o.45 o.65 0.88 0.50 0.67 0.90
k}a- - ThN -# N + ?-Ha 1.07 3.25 8.30 1-1: 5.14 7.50

SCorr-ected IFIrst Order
Rate Ck-natants, sec-I

, f•.j u.46 o.65 0.88 0.54 o.68 0.90
ka, 3.29) 10.65 2 •.3 3.78 10.2 16.5

D• -•TH•, + ••- 82 --. < --- 6.4

i• 53

S .. .... .--. "'.. .

~ Vi
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;: '. I d, Pit ,r.n] b , dv r,, ~• by •'o pFa i;' t: c thcr ~x•:v mrc ,• .'q Li i P:•ru]

oonst.an. u 9 with tm h ýi•tzt * ciiaunta - fr-c: th.- expe,'i.-;-'nt.ai
usta'. T•-. Ths waS done fo" F--lli ain F'-l] DHN and the values for the
various K- and K!" are -ho.wn in Table 16. For HRe'ction I the K- values were_

00.X) t .0 001 R tds K( whiie for jI, the KI values were 0.71 to
0.54. -o 1', ,. iu, lie back-•ard rection had i it±ee effect. or th , overall

of oieti-t'ion i, but, had !u, appreciable effect on the owv rall rate of
Reaction If.

The ca-c.,nter :'ate conztant.s were corr-ected for the effect of
the backhard reaction in the following mruamer. Near equilibrium,; the rate
of a first order r.,action car• be expressed by:

R = k P 1 - a K (5)

whe:e k is the first order rate constant for the forward reaction and P is
the reactant preb~ure. Thus the rate constants calculated fiom rate of
disappearance of P (i.e.,from R) will be low by a factor of

1

This correction has been applied to our calculated constants and the
corrected values are tabulated in Table 16. Apparent activation energies
were calculated from the corrected rate constants (Table 16) and Fiurec 15
ik' an Arrhenius plot of the data for Reaction II. Appreciable catalyst
deactivation was observed with F-1i3 DEN at 1022"F (Table 15), nence with
this feed the activation energy wa,• for the temperature range 842-932'F.
Thus 1eaztion II was 2.2-3.4 times faster, and had an apparent activation
energy 2.9-3.7 times greater than Reaction I.

Relative Stabilities of Laborato__] Platinum on Alumina and UOP-R8

In a previous section of this report it was shown that the
commercial UOP-R8 platformin: catalyst was less stable than the laboratory
platinum catulyst for the dehydrogenation of aicycohexyi. In previous
work with decalin, similar results were observeds) It was of interest now
te extend this work and to compare relative stabilitiel of these Two

catalysts for the dchydrogenation of decalin under a variety of reaction
conditions.

Decalin F-113 feedstock was tested with both the laboratory and
commercial UOP-R8 platinum on alumina catalysts at IjisV of 30-100, 842-U102F
at 10-30 atm pressure. This feed was the most reactive in previous tests.3

Co ta -o 711 '4 ,4. W, O~r,'j *It* TX u . -A ,~ hit +-+,-,14 tm,',ui

Product material was analyzed by GLC from which conversions and selectivities
were calculated. First order rate constants were calculated from the rate
of disappearance of starting materials.
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In series of runs on single charges of catalyst at 10 atm pressiure,
the R-8 catalyst was considerably less stable and less active than the
laboratory catalyst. For example, an increase in catalyst bed temperature
of 1920F was observed with the R-8 catalyst (Table 17), compared to only
60°F with the laboratory catalyst (Table 19). (The magnitude of the
temperature increase during reaction was taken as a measure of catalyst
deactivation.) Further at 932°F, DHN conversions of 43.7% and 49.2% were
obtained with the R-8 and laboratory catalysterespectively. However,
with both catalysts at 10 atm pressure, increasing the conversion reduced
the catalyst deactivation markedly. Thus with the UOP-RB catalyst, an
increase in catalyst bed temperature of only 40°F was observed at 83% DHN
conversion compared to l92°F at 48% conversion (Table 17; 10220F). A
similar effect was observed with the laboratory catalyst (Table 12).
Increasing the pressure also decreased catalyst deactivation and with both
catalysts no deactivation was observed at 30 atm pressure; but at 20 atm
slight deactivation (25°F) was noted for the R-8 catalyst (Table 18).

Activation energies were calculated from the first order rate
constants. At 10 atm pressure an activation energy of 7.6 kcal/mole was
obtained with the laboratory catalyst, compared to only 4.8 kcal/mole with
the R-8 catalyst. Presumably this low value with the R-8 catalyst was due
to the rather extensive catalyst poisoning which occurred at 10220F
(Table 18). Indeed at 30 atm pressure where no catalyst deactivation was
observed, an activation energy of 7.2 kcal/mole was obtained with the R-8
catalyst. Figure 17 shows Arrhenius plots of the data.

Possible reasons for the variation in stabilities of the two
catalysts are discussed in a later section (pg 77).

Dehydrogenation Over 1% Platinum on UOP-R8 Alumina: No Halogen

In previous work on the dehydrogenation of Decalin (DHN), it
appeared that the UOP-R8 platinum catalyst wa" considerably less stable than
the laboratory platinum on alumina catalyst.3) As this latter catalyst was
halogen-free while the commercial catalyst contained 0.76% halogen, it was
thought that the instability of the commercial catalyst might be due to the
halogen. Accordingly, a 1% platinum on UOP-R8 alumina base was prepared
under halogen-free conditions and was tested for the debydrogenation of
F-113 Decalin (74.5% cis-DHN), at 10 atm pressure and at 842-10220 F. This
catalyst had about one-half the weight of platinum per 7 ml volume as did
the laboratory catalyst. The procedure for making the runs and analyzing
the products was the same as the previous work. 3 )

Under the above test conditions, this catalyst was less active
and less stable than the laboratory 1% platinum on alumina catalyst. Thus
at 842 and 932°F conversions and first order rate constants weie lower, and
increases in catalyst bed temperatures were greater than those obtained with
the laboratory catalyst (Table 20). Further, at 1022°F the conversion was
less than was obs&rred at 932°F indicating severe catalyst deactivation at
the higher temperature (Table 20). This was not ob erved with the
laboratory catalyst (Table 28 of a previous report 3 '). No differences in
selectivities for naphthalene were observed with the two catalysts.
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CAT_ _ r? E- ITw v ;

rfo el o42 Y 132 t) iI 842 84 1022 I v

No.l 752-4 83• 19O138 1342 735-5' 5-14 923-28

Cotalyst 94d 635-48 P3•-722 776-958 640-49 650--0 770-451 838-r6
617-22 66?--69 709M-28 635-39 653-5 748- 66 779-97
620.-24 f5661- 68 702- 4? 49-51 6575-82 7 68 W07-10
M.831) E11- ii 1122- 29 668-71 70(1.07 6M-~795 853-56

'F,• ca' 51 9; ;;.., : -o

mrodtict iAjwlysel, ý,,j
Irw*i 35.9 21.1 24.! 12.2 25.7 17.1 0,9
.ia-41HN 26X. 26.2 27.1 3.8 7.t 13,*6 7.0

. .1 0.4 0.4 4.6 7.5
TIM 16.6 11.1 6.5 148 11.3 4.2 2.0
Hap',thalew 21.4 32.8 39.9 38W5 54.9 59.8 71.1
Critckad, liquid 0.0 0.0 a.l coo. 0.1 0.4 a.5

Yield WiN, ;w 1612 10.7 6,5 14.4 90.9 3.8 7.!
OMu COWP& ;1 37.8, 43.7 48,2 53.8 67.0 P-9 83:01
k, ec"z 0.46i 0.50 0.74 0.38 0.33 0.6 0.001
E, act, kcal/so1.ed 4.8 -.-

Sleectivity for, ;w 1I

TOK*' -iJ 2405 13.5 25.8 MO. 6.1 3.4
Haphth laem 56.8 75.3 83.7 72.7 83.3 80.5 78.81

Neat Sink, 8tu/Ib
9 PoelIon 312 3831 423 465 598 594 70
Total at Block Tep 1022 11631 1273 Il1l 1308 '444 1550
Total it MOT I577 1448 1488 1530 1663 1659 1768

$ I
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0.76,p' Pt. on A.1%3 F?-d. F-113 Decalin
Ciat'.'ybt Vol: 7 m! 25.1ý" tVrans-;f

17;V: 100 74. cim-VH•
0: 4" THN

Run9645- 174-1 174-3 175 1177-1 [7-3 17-8_____ ___ __ - 120 -50

Pre .ure, ata lo1 20 30 10 20

Wall 722-7 732 736-8 9W --12 908-12 912
catalyst Bed 632-44 642--48 653 722-887 867-92 876

622-28 607-35 653 694-740 734-45 744-4o
62-95-3 61&6-14 ';58 702- 16 720-22 725-23
637-40 6 55- 5 3 , 668-66 716- 18 725-25 730-28

&Ta -, catalyt beda) 12 16 -2 165 25 -4

Prod•~ct Analysis, %i•
trazw-DHN 35.1 44.8 54.8 24.) 27.4 29.8
ci-DHN 26.8 16.8 12.4 23.9 20.6 17.1
U 0.0 0.1 0.0 1.2 1.4 0.6
THN 14.8 24.2 23.9 7.1 16.3 25.2
Naphthalene 23.3 14.1 8.9 43.5 34.o 27.o
Cracked, liquid 0.0 0.0 0.0 0o0 0.3 0.3

Yield THN, %w 14.4 24.3 23.5 6.7 15.9 24.6
DHN Conversion, ýw 37.8 38.6 32,4 51.6 51.t 52.9
k, eec- o.146 0.23 o.14 0.81 0.41 0.28
E, act, kcal/mole 7.2 using data at 30 atm pressrwe

Selectivity for, •'w
THN 38.1 63.0 72.6 13.0 30.7 46.9
Naphthalene 61.9 36.8 27.4 314.7 66.0 51.4

Heat sink, Btu/lb
Rection 317 297 243 458 4o 2
Total at block temp 1027 1007 953 1308 1280 1272
Total at 134.*F 1382 I162 13o8 1423 1495 1487

a) tMximum change fr Oatalst bed tewperture during the run.
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0.4 VLaboi atory 1". Pt op AI,20
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0 UOP-RS, 10 AIor Pressure

.• OUOP-R8, 30 Atm Pressure

0.2 -,-

LHSV: 100
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100A/T, P rK

Figure 17. DEHYDROGENATION OF DECALIN OVER UOP-R8 AND
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DOCln: F1} ed 2f=, ', trcna--DPlý i

CktalyVst Vol 7 m! 74.54 ciE;-Ai

Run No. 1010 0 21-1 21-2 22

Te -er it-re, *F
Bloc.-: 842 9)2 12
Wall 7 4.7 -48 Bee3_L2 934-901Catalyst Bed 655-66 702-'!7 885-982

637-J44 67T-93 790-970
642•8- 684-.89 765-948
650-53 694-98 770-932

Tmax, "F, catalyst bedd) I 1) 45 18

Product Analysis, Tw
Cracked 0.0 ) o0 1.9

30.21 27.1•a 23.0

-t 35.9 31.1 41.1
0.4 0.3 7.2

THN 10.8 7.5 6.4
0.0 0.0 0.6

Naphthalene P?.7 34.0 19.7
Yield TM, w 10.4 7.1 5.1

Total DHN • onverion, 3 9 35

TM 0 0.7 17.1 14.5

Hapht1Alene 66.6 8,o0 55.0
k -over al, B60- 0 1 ),S....... 0.41•" 0o.57 (

a) tran:--DI.o higher than im
feed due to cis-to trans-isomeritAtion during
dehydrogenation.+ •'1~h tU<+nitifie.!•

o) V.lues obtained with laboratcay catalyst.
d) Maxim=i change in catalyst bI tezeature during

• he run.
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Both the laboratory catalyst and the catalyst used in this test
were prepared in the same manner. Both the alumina support used for the
laboratory cataly-st (Harshaw O104) and the UOP-R8 alumina are high purity
aluminas. While it is possible that the greater instability of the
platinum on UOP-R8 alumina catalyst was due to lower platinum content, it
appears more likely that the observed differences in catalyst performance
are due to physical rather than chemical properties of the catalyst.

Extended Dehydrogenation Test With Laboratory Catalyst

In previous work on the dehydrogenation of various Decalin
feedstocks, catalyst deactivation was observed during all of the runs- )
These runs were of short duration (30 min) and it was of interest to see
if the catalyst became stabilized with contintved use. An extended run has
now been carried out with F-113 Decalin (74.5)6 cis-DHN) over P. four-hour
period at 10 atm pressure, LHV of 100 and at 1022°F using the standard
laboratory 1% platinum on alumina catalyst. The test was interrupted for
15 minutes after three hours to refill thb feed reservoir, during which
time the catalyst was hydrogen treated at the reaction temperature. The
data are recorded in Table 21.

There appeared to be no stabilization of the catalyst during the
four-hoLtr test. Thus, during this time, conversion declined from 56.1% to
43.2% or about 8%/hour; and the catalyst bed temperature increased
progressively from 694°F to 959 0 F with the "cold spot" moving down the
catalyst bed (Table 21). Hydrogen treatment reactivated the catalyst
temporarily. This suggests that the catalyst might be stabilized by the
addition of hydrogen to the feed; or possibly by operating the reactor at
higher conversion which would Lnrease the partial pressure of 1widrogen
over the catalyst during the run.

Dehydrogenation of F--11 Decalin Over UOP-R8 Catalyst

In previous work it was observed that the laboratory 1% platinum
on alumina catalyst was moderately stable with Decalin F-l43 (74.5% cis)
and showed good stability with Decalin F-111 (62.1% cis)3 ,I The UOP-R8
catalyst was co siderably less stable than the laboratory catalyst with
Decalin F-113,7)and it was of interest to test the stability of this
catalyst with Decalin F-111. The tests were carried out at 10 atm
pressure, LBSV of 100 over the temperature range of 842-1022°F following
the same procedure that was used for previous tests. 3)

with this feedstock lower conversions and rate constants and
greater increases in catalyst bed temperatures during the runs were
observed with the UOP-R8 catalyst compared to the laboratoryj 'atalyst
(Taole 22; the values obtained with the laboratory catalyst are shown in
parentheses for comparison). At the highest temperature tested (10220F)
the increase in catalyst bed temperature was 137°F which was about four
time•; the temperature increase observed with the labor+tory catalyst
(Tab-e 22). Further, c • this temperature, DHN conversion was less than
was obtained at 932°F wh.:h indicates severe catalyst deactivation at
!...2.C"F. At the lower tempeci2Lres, however, conversions and catalyst bed

,t'T•:av,• increases were compprabie to those observed with the laboratory
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Table 1. DEBiMROGZMTION OF DECALIN: ECT DE) CATALYT TEST

Pressure: 10 It. CatO1,4t: 1% Pt on AI,0,LI1¥: 100 Catalyst Vol: 7 al I

T•e•orttme: 10221 Food: 25.1% truu.OIN
Docalin: F-113 74.5% cts.OHN
Run No.: 9347-iA6 0.4% TItralin

Total Reaction Tie, sin 0 30 60 90 120 150 180') 210 240

Temperature, I -

wull 896 891 891 892 896 902 9100) 892 902 918
Catalyst Bedb) 694 711 725 752 795 858 932 835 918 959

705 ?11 716 723 729 743 770 7?7 756 799
738 743 745 748 748 752 759 738 747 759
761 7F5 766 768 770 770 768 744 756 7651

1TM*X,1Ft~caalyst bode) 17 !4 27 43 63 74 -97 73 43

Product Analysis, vI
tram-lI - 21.1 21,1 - - 2 20.6 20.9 20.6
cif-O4I - 22.8 25.5 - - 35.2 - 32.7 36.0
Tr*- 5.4 5.3 - -: 4.7 - 5.2 5.u
lNphthalI - 50.7 48.1 - - - 39.5 - 41.2 38.4

Total DHM Conversion, ;w - 56.1 53.2 - - - 44.0 - 46,2 43,2

a) Cztalyst H2 treated for 15 ,int, s after this run,
b) Cold spot moved 0own the catalyst bad with increased r" *t'o ".Ans.
c) ULz~zwn chengo In catalyst bc torpore~tro durIng tho run.

0 -)
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Table 22. PD• RcGENATI0. OF F-ill DWCALTN OVR

Presauro: 10 atm Catalyst: .!- Ft on Alg0(½,
LHSV: 100 Feed: ý7 - tranaD•AN
Decalln: F-Ill 62, )i cis D&,
Catalyvt Vol: 7 ml 0.4W Totralin

Run No. 9347- 168 169-1 169-2

Temperatur e, *F
Block 842 932 1022
Wall 729-36 819-30 S92 84

689-98 752-72 864-972
639-49 704-11 804-941
639-44 700-05 776-880
646-49 704-68 768-&4 £

IOM=, OF; catalyst bed 10 ý) 20 137

Product Analyse,, "/'-

Ciaceed 0.0 0.0 0.5
trans-DHN 40.a7) 3.1 29.4
ci -DEN 20.8 22.6 27.5
Ub) 0.1 0.4 4.1

TI13.5 7.95.
0.0 0.0 0o2

Waphthalene 24.9 35.0 32.7

Yield THN. * 13.1 7.5 5.6
Total DHN Conversion. Ai 70.8 , •.l 4P. 00

Selectivity for, ýv I
THN 34.2 17.4 11.1
Naphthalene 65.8 82.6 3.Z

k, overall, sec-) 0. 47 0o'.o .4 ( o ,6 .• ' .d )•

F-itans-DHN concentration in product higher than in
feed due to trezis to cis isonerization during
dehydrogeuation.

b) Unidentified.
c) Conversion low preumably due to catalyst deactivation.
d) Values obiained with laboratory 14 Pt an ,kl0 3

catalyst.
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ce•ata7w1, Postuible reae•c-n for differences in behavior between the
SUPV..RC Pna the labc-rat~o- cat.alyst are discussed in a later section of thns

Dehydrogenation and Isomerization of Decalin Isomers

In previcus work on the dehydrogenatipn of Decalin (Dfi) the cia
sa ,ies appeared more reactive than the trans.A) lis conclusion was based
mi comparison of overall reaction rates of different feedstocks that con-
taineo different concentrations of the cis and trans species. We have since
prepared two DIN feedstocks. one with a high concentration of the cis
isomer, and the other with a high concentration of the trons iscznr, and

fc&-ýhl *X-e Ue- ULU ..wiatru. 17PC PW..4..m o

a--imina cetalyst. The dehydrogenatLions were carried out at both low and
moderate conversions in order to study rates of isomerization and rites of
dehydrogenation.

The exper •• were carried out at 662-I120 F and at 10-30 atm
pressure. The cata.i<st was 2 ml of 1% Pt on A12 03 that was diluted with
5 mJ of quartz chips. Prodluct material, was analyrzed by GLC, from which
conversions and selectivities were calculated. First order iate constants
'or DMN de•ydrogenation were calculý'hted from the rate of disappearance of
starting materia). The cis DHN and trans DHN feedstocks were prepared by
fractional distillation and had the following compositions:

cis-DBN trans-DBN

% cis-DHN 95.0 4.9
trans-DIN 4.1 95.1

% Tetralin 0.9 " 0

These compositions were nonequilibrium ,composltions over the
temperature range of our study (Figure l81. Both feedstocks were tested at
LSV of 200, 842-11120 F and at 10-30 atm pressure. In addition the cis-DHN
was tested at LUSV of 400, 662-8420 F, 10-5 atm pressure. The data for
the cis and trans feeds are tabulated in Table 2-) and Table 24, respectively.

For dehydrogenation the reactiv-itzr of cis-DIN was greater than
that of trans-DUN but not by a factor of two as was estimated in the previous
work. 3

J As an example at 10 atm pressure and 842°F. 37.5% cis-.DUN
c..nversion w4roserd compared to 29.7% trdas-DRN conversion (kjle - 0.935;
ktrans = 0.706 see-'). Similar higher cis-DMN reactivitiee were observed
at higher tenperatures and pressures (cf runs 129 and 130, Table Pi; and
Runs 193 end 194, Table 24). No isomer effect on selectivity for
naphtlalene was observed with these feedstocks.

Apparent activation energies for DEN dehydrogenation were
calculated from the first order rate constants and presumably are for the
reaction DUN - THN. Under similar reaction conditions Eact for trans-DHNwas about 50ý greater than F=+at Pr pfl UrJher, ÷n.-^ +" .--. V

-- --- ' Vact for Oac-n
were greater for this isomer at lower Ltuuperatures and conversions (Table 23).
This change in Eact with temperature or conversion might be a kinetic effect

I (i.e., the reaction changing kinetic order) or a heat transfer effect.

t ~65 1
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Arrhenius plots oi' ti-e data for cis and trans-DHN at moderate conversion

(UISV P, 200) and for cis-DHN at low converaion (LHSV n 400) are shown in

Catalyst deact!tvrtion occurred during dehydrogenation with both
feedstocks. The inereane -I catalyst bed temperature was taken as a measure
of catalysi deactivation, and the maximum temperature increase during each
run is recorded in Tables 23 and 24. Deactivation was slight at 102'4F,10 atm
pressure, and lower temperatures but was appreciable at -II12°F where the
overall DM Gnversions were about tLat observed at 102Z0F. flowevei, as in
other cases, the effect was less at the higher pressure.

Rate constants for isomerization were calculated uLqing the
equations set down blv Benson. 20) Th, 3e show that for a reversible reaction:

A Bk2

that

(k, + k2 )t - 2.5 log

where k3. and k 2 are the rate constants for the forward and backward
reaction, respectively,

AO and Bo are the concentrations of cis and trans-DHN, respectivelyý,
in the feed

A and B are the concentrations of cis and trans-DHN, respectively,
in the product

K is the equilibrium constant and = k 1/k 2

t is the reaction time which in a flow system is the
residence time or Apparent Contact Time (ACT)a)

Interpretation of the isomerization rate data was complicated by
the fact that ihe rate of dehydrogenation of cis-DHN was greater than that
of the trans species. The method used to calculate the isomerization rate
constants did not take into acconmt thp rPlAtivelv hhighe-r _w-te of
disappearance of cis-EVILN during dehydrogenation. Thus the calculated
isomerization rate constants for cis to trr is will be maximum values while
those for trans to cis will be minimum values.

a) The Apparent ContU Time i eiWlated to the LA3V in the fo 61Irn 4 anner-{
36 A0 x 2U PR x W1

AICTV x TR x P x 22,412

where PR - reactor pressure in atmnospheres
TR - reaction temperature in *K
S- molecular weight of feed

£ p - liquid density of the feed.

(This equation neglects the voli mi change during reaction).

_ _ _ _ _ _ _ 69_ _
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With ole-DUHN feed Pt t-be high-er, &)-fici eý c§ý
mof' cio to trflnt--Gomner~zat 1in weq 71. r v., rate c

trftrs to cis, at IA:)j1 10 an 30 atm irý-us-are ad327ea "ut
t(Imperature effect vas obeervedI it:i&crgjes Lý,ut 104 s~ilnEnrgyv
for ttacrmrivitioni wras very low. TILLtonrxatc .1", at -tm c'rn -a*
wfare greater than those at 10 atm (6,S2-7rý2Q, which ;x I be'bnm
thesre was less dehydrogenation at the m;.r~s.c

ALý the lo,-wer space velt,-ocIty ('IJCX' i. COO) Th' ate sf ý7t~ to trarus
was ~ ~ -.5tC imes xreater than the retest tra t-) er (Th-bie?'> A

ýothý 10 5' 0 atm pres-,ures t'atje-'~y e,,rc- to de(,Jcti~ t nra
teqlieroatir-e, pos&Wl'ly :ue to tthe ilnictaoeid tRue, of ~Žcopto
dehxdrogen~ttic,-rl actios. kAr t the lghrSpar,( y, mrza n
rr-tes were -. 'reater a'ý the higher, preuýsuxcz.

lq( overaflat&' to cl~ce.~ainwas berd jlthe trene-
DEN~ eed. T.h~wus no ;:dntil,-ative onou egr tngtj re~wtipc
ta~omeriz.ation aand il ehx-,;ogenation rates were obT-ained! Prow thet-a exr-lAk-atdn

Qnotistiv Lyhwever. it rappeared that t!e rmeo s~eA te fIae
to ctIn'--DEN was lower than thue rate of' c it o t -; <-a.As o; nez-i z at on arnd luw6:er
than the- dehyd:'ogena Lin rates; since Pwzing reacti.ot. there waz a nvt te
int t~he cis cclniionont o~f ti%( feed e-en at, up to 5$0 DUN rcnvxocrsio 'Irvblde£)

the reactions of' the VHN isomuers for d, hyArovxiatiom end0 for
isaofiriZwitiof can. be repreented by,

whtere A - cia-DIIN
B3 = trans-ýDUN

'Me re2st±ý.e rntes of the various reactionis cani he ob-taindj., by; cnwrarirnz
this: rlcv3ate raemcostanLts. For convenience& thes~e hiave been. collec-ted

onTtible. '2" The cia bion.-er was nore -rea,,tive tnan the trants for ti-n
dchdrgeacou ndismeiztion. At 30 stir pressure,t eyrgnbo

wzin taetir: jn eswnmbly dca to a cokx--ýined eff~ect ccolbimadactivution
energ-y un *Th)e. deblxy'rogienatlon, reaction. For Ioritlnthe rate of cit,-
DUN wau f i-v. to ten i es fa~stier than There oftai. crde
the rete of cis was 6-34ý faoster t.hani the rate of trano.

I; eurmua~ry, du'xing the delvydr.-ogens tion of a mix-tuire of tci nzlA
truna-aecblini Iscxuirs at 812-f21,10 to ý30 atm pre~ssure the csisoe
will1 'tcehydrogenatc, nwore rapi-dly than the travins; no trens t cia-ýsoiucrizt'wicion
w.;Ul 0cu'-r; 0-L C1.0 cis '¶ ranas-somerization will occur; and the relative

~~~''O xition "' i.-nm '-Lo ir then prdc w.141 Aecrejazi writh 4nn'...n,'r

tLenIp-eratxe due to the rnjcreasro :5i rrtc of debhydro)genat Ion of the trnss
•-scirner relative to V it o the (!cm isomer.

7.1.



"'a]- 25. hATE CCN6TAlgr RIR D YDRCAENATI0N AND

Catt~lYist* 1ý Pt On MA120

n-S few."

0.o.)o) o. o4 0.71. 0.33 0.50 0.072 0.27

952 i 18 o.,-9 o.o36 1.09 0.56 0.41 0.066 0.40

IIOZ2 L72 o.2o o.045 11.62 0.74 0.%6 0.066 0.60

311.2 ~ t~ I ~ 1. lb 0.28 0 056j 0.85

UIWV - 40W

662 0.551 0.24 0.023 - 0.08 0.34 0.036j -

7,2 jo.63 10.2], 0.025 0:22 0.3910.0451 -

842 .3, .1 0.0451 0.54 0.3110.0411 -
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Sunmmery: Dfh_ ro&ýgnation of Docaalin

The dekydrogenation of decaiin occurred in tw discernible steps
-ith ~ ~ ~ ~ -4 tetron s heuncrod.t T- 4U-l.^I*

the secorA step (THN---- N + 2i 2 ) appeare3 to be faster by I to 1.5 orders
of magnitude and had an activat.ion energy about thr-ree I.,mes grea-i.er than
that of the first step (DIHN--+ IMHN + 3f 2 ). The cis DHN species was

IsoerIzaton of the cis and tr speci-es occurred concurrently

with de!Wdrogenation. Cowpared to rates ofdehydrogenation the rate of

trans-isomerioation was lower by about an order of nognitude while that of
the cis-isomerization was lower by a factor of about four. This suggests
that if isorrization does play a role in the deh...rog=,ation mechanism,
it is not the rate determirning step.

Selectivity for naphthalene was governed by equilibrium and was
favored by high temperature, high ccnvers'on, an? low pressure.

The highest heat sink obtained thus far with decalin was 1688
Btu/ib, of which 838 Btu/lb was due to heat of reaction (10 atm, 10°2F,
LHSV = 3O). This corresponded to a total heat sink of 1905 Btu/lb at 1340 F.
The adverse effect of pressure on selectivity for na'hthalene at pressures
greater than 10 atm would be expected to decrease hea sinks onlyt slightly.
For example, at complete DIN conversion a decline in selectivity for
naphthalene of 20% would lower the heat of reaction by only about 7% and the
total heat sink by about 4%.

The laboratory platinum on alumina catalyst was somewhat unstable
at 10 atm pressure; a commercial platinum catalyst was even wore unstable.
Stability of both catalysts was improved at higher pressures and at high
conversions.

I-Methyldecalin

A brief stWiy of the dehydrogenatioIL of the 1-and 2-methyldecalins
(MrHN) was made under the previous contract.3) Uoing a platinum on alumina
catalyst it was observed that at 10 atm pressure the catalyst vas unstable

:it bc-t. iZ==_ cSvdk%. th- rang S.. ~'4 S42-. .S1fl..S. -G ;=lQ WA&

has been extended to higher pressures and conversions to study principally,
the effect of these variables on catalyst stability.

The feed was 1-methyldecalin and contained 11.7% tr&sns and 88.3*
cie species.a) This feed was prepared by hydrogenation of the corresponding
methylnaphthalene. Vapor phase dehydrogenation was studied with our
standard 1% platinum on alumina catalyst at 10-30 atm pressure, LISV of
30-100 over the temperature range of 8I42-1022F. Product material was
analyzed by G0. using a five foot, 1/h-in. OD stainless steel column packed
with " Carbowax 100 on G-hromosorb W.

) Ts is a nominal value. l, there are 4 geometric isomera for
each positional isomer (not counting optical isomers) cis-cis, cis-trans,
trans-cis, trans.-trans.
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Unri- Vic hbove rcict½.n r-ndition4 , the dehydr'i. enation of I-,q*"L
to l-methylnaphthaiene was a two-step process with two methyltetralin isomers
(IWTU) as _tntermediale products. Schematically the reaction can be
ropresented:

VD 1 I1HN -meth1ynaphth alene

CH t

5-IMHN
T'he hea; of .'eaction t;. forn 1,71aq'I is 600 Btu/lb; and to forn me gbyinaphthaiene
is 900 nuŽ/ib.

At 10 atm pressure, 842 and 9520 F considerable catalzst deau~ivation
was observed with this fee-,+;tock. This was shcwn by the fact Lhc L the cata-
yvst bud terperatn e increased during the run by 68-108°F and 185-207*F at

952'F. PRnther, in these experiments no increase in IIphN conversion occ'rd
when the reaction temptrtturc vas in.c..reased fr.. .m T11oŽ0 *z to -.-- (cf Runs
180-1 and 180-2P and Runs 142 and 143; Table 26),

Increasiig the reactor pressure appeired to stebilize the catalyst.
Th'nus, increases in catalyst bed temperatures of only 90 F cr less were observed
whea tle 'presure was increased to 20 and 30 atm (842_-1022°F; Table 26). Also
operatiiig the 'mactot'. at elevated pressures (20 and 30 atm) appeared to
stabilize the *atv yst somewhat for subsequent operation at 10 atm p-essure.
This is shtrnw by Run 189-3, lable 26 in which the catalyst deactivation at
10220 F after operation at _O and--OaTtm, was less than that observed eitUher
at Q42 or 9320F at 10 atU with x'resn catalyst (Runs 180-1 and 180-2; 142-143,
Tahle 26).

The complete data are recorded in Table 26. Rufns 185-i to 189-3
were made on the same charge of catalyst in the order tabulated (left to
right). Runs 180-] and 142 were made on fresh catalyst. First order rate
Constants were calcuated .tom 'ne ra'te of aisappearance of ' M3r' and were for
the reaction 14HN --- > MON}1.

At 20 and 30 ettn pressure, the reaction productb wore mainly 1- and
5-MPHN and mnethy•lnaphthalene. Selectivity for the sun of these products was
high (90-99%) at botLh .xxlerate and high conversions. As was observed with
Decalin, selectivi;y for the completely dehydrogenatc4 product (methylnaphtha-
lane) was favored by high temperature and high conversion. Presumably this
was an ecuilibrivm rather than a kinetic effect. For the two VEHN isomers,
the 5-Vfl.HN _appeared to be favored by high pressure and lewer temperature
(of 5-14N/l--t'fr'N ratio, Table 26).

At these pressures, the reactivities and selectxi.Yties for
methylnaphthalene were abkut -omparable tc those observed with Decalin.
Heet sinks were slightly lower thEan. was observed witl, Decalin primarily
due to the greater molecular weight of the MDHN.
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Part I

Effect of Pore Size on Cata Stabilities

-6 or - deoenaiwho aph:atlO U
Snatm presure, poor catalyst stability wam observed with the oomaccal plat-

t= (- ,alumina catalyst, while better catalyst -- abilft was obtermed with

- the laboratory platinum on Harshaw 010o alumina _.-Lalyst. Further, poor

"cial alumina-base catalyst, ni-pared in the same manner as the laboratory
catalyst. Stabliity of uoth catalvsts wa.. iaproved, however, at higher
preku-ScetU 8Td at high co.,verclons. These results suggcztzd t-hc tilowlng
_- ,l.kmnon as to whyr naaht.•"tZ .eu be dehydrogenated without added hydrogen
over a ;latiuum on alumina catalyst with good catalyst stability.

For the dehydrogenation of MCh over our laboratory platinum on
alumina catalyst it was observed that good catalyst stability was obtained
when the partial pressure of hydrogen in the exit gas was about 0.75 atm;
but t-nat the catalyst became inactive when the partial pressure was less than
about 0.7 atm. Presumably the hydrogen formed by debydrogenatio,; reacted
with and removed the coke precursors, and this maintained a "clean" catalyst
surface. Since this reaction occurred in the catalyst pores, the actual
"effective" partial pressure of hydrogen in the pore may have been greater
than 0.75 atm.

At a given overall naphthene conversion the "effective" hyarogen '

partial pressure is determined by the concentration of hydrogen in the pore.
This hydrogen concentration vill be greater in smaller pores, since the
surface-to-volume ratio is greater and hence the fraction of naphthene in the
pore that is converted will be greater. Further, the transport ra-e of
hydrogen out of the pore may also be a factor in maintaining catalyst stabil-
ity, as for a given conversion this rate will determine tht "residence" time
and hence effective partial pressure of hydrogen in the pore. Conceivably
then, for the dehydrogenation of MCH with a catalyst having a smooth, non-
porous surface the par-tial p essure of hydrogen needed for maintaining good
catalyst stability mar-.be greater than 0.75 atm. Thus the pore diameter of
the catalyst will be a factor in maintaining good catalyst stability.

For the dehydrogenation of DHN and DCH at 10 atm pressure g-od
w p ressr e

the co--ercial catalyst) however, the following results were obtained:

a. Poor catalyst stability was obtained at 10 atm pressure at 50%

co n v e rs io n an d lo w e r . -- t 0 o 0 a m s a i i e hb. Increasing the reactor pressure to 20 or 30 atm stabilized the
9 catalyst.

c. Operating the reactor at 90% conversion is wbilized the catalyst
at 10 atm pressure.

Mo3t of the pores in the laboratory catalyst are of smaller dia.eter
than those of the connercial catalyst. For example, with the laboratory
catalyst 7-. of the pore volume was in pores of diameter 204 A or less, while
with the conmercia! catalyst only 46% was in pores of 235 A or less diameter
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(spe Table =2) . Thus for the comercial catalyst the partial pressure of
hydrogen in the pores was lower than that in the laboratory catalyst and the
hydrogen concentratior -as not greater envugh to maLitaln good catal•st-
stability. when the partial pressure, cf hydrogen was ehanced by _ire=-asin
the total reactor pressure or by operating the reactor at hign conversion,
good cata-yst stability was obt.' -d.

ine• -- 'e-qs ....... d.as a.. with b•emal pore Gd atL-r th
our i&boratory catalyst would be more stable for the dehydrogenation of DHN.
Also that the stability of the commercial catalyst would be improved by
:reduel-ne- tL'c pore size of th•is catalyst. Howevý-;:, it would be expected thao
as pore. size is continua•lly decreased, a point will be reached at which the

relative diffusion rate of Ikydrogen out of the pore will be greater than that
of toluane and hence the "effective" kydrogen concentration in the pore willbegim to decrease and catalyst instability will occur.

Dehydrogenation of Naphthene Mixture

Metlricyclohexarne (MCH), diczlohexyl (DCL) and deca)in (DHN) are
readily dehydrogenated over platinum oCi alumina catalysts to give h'oat
sinks of 1800+ Btu/lb. With dicyclic naphthene, however, intermediate deny-
drogenation products are formed, which can reduce the heatL sink of reactions
appreciably. With dicycioh( yl and decalin selectivity for the completely
dehydrogenated aromatic was favored by high temperature, high conversion and
low pressure. In earlier work it wc.s shoxwn that in a mixture of naphthenes,
the reactiv ties of the components were different from those of the pure
compounds. 2

i Thus it was of interest to study the dehydrogenation of naph-
thene mixtures, particularly with respect to reactivity, selectivity for the
completely dehydrogenated product, and to catalyst stability. For these
studies mixtures of MCH with DCH and with DEN, and DCH with DHN and 1-
metbyldecalin were used.

Dicyclolexyl-M-tlylc~yc lohexame

In this series of experiments the effect of added methyl-cyclohexane
(MC10 was studied on Uht reactivity of dicyclohexyl (DCH) for catalytic
dehydrogenation and fur thermal ±-tmu iun, add vi th•- selectivity of the
dehydrogenation reaction for diphenyl (DP). The feed mixture was 75.5% DCH;
2.47 phengylcyclohexane (.C...) an6d 22. MCH.

The catalytic reaction was studied at 10-30 Itn, pressure, 842-1022%
L1MV of 30-19O using a 1% platinum on alumina catalyst. Compared to reactioni
of pure DCHa) and MCHsP the DCH-MCH feed gave:

i. Enhanced reactivity of the DCH component but lower reactivity
of MCH at a given temperature and pressure.

2. Enhanced selectivity for DP at a given conversion, temperature
and pressure.

Heat siniks were slightly lower for the DCH-MCH mixture than for pure DCH
under the same reaction conditions.

aTFThe compl& data for dehydrogenation of pure DCH were reported
previously.
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Effect if Temperature

The effect of temperature on conversion and reaction rate was
studied at 10 atm pressure over the range of 842-1020F. The data are tabu-
laueu . 1 1- -%l -- A .L.. J ... .. .tanyo. I -. ot... a

function of temperature for the DCH-MCh mixture (points) and pure DCH (solid
line). Over this temperature range the DCH conversions obtained with the
DCH-MH mixture were about 1o% greater than those obtained with 1-ure DCH.

and are ordoed in Table 28. The values obtained previously with oure com-
ponents) 3 are shown in parenthesis for comparison. Based on ti.: rate
constants, -'1- rtactivity of DCH in the mixture was about 1.2 tti'es greater
than that of pure DCH while the reactivity of MCH was about one ioarxuth that
of pure MCH. Activation energies were computed from the rate conat.nl a and
were lower for DCH nd higher for MCII compared to t e pure components. Heats
of reaction for the mixture (Table 28) were lower by 3-8% than th+.ae obtained
with pure DCH (Table 28, values in parentheses).

Effect of Space Velocity and Conversion

The effect of space velocity or. conversion of DCH and MCH and the
effect of conversion of DCM on selectivity for DP were studied in a series
of "bracketed" runs at 842 and 1022°F. There was some decline in catalyst
activity during these runs as in each series the conversions observed in the
final runs were always slightly lower than those in the initial runs. The
data are recorded in Table .2 .'Lare 21 shows selectivity for DF as a
function of DCH conversi n for pure DCH Tsolid lines) and in the mixture
(points) at 842 and 1022l F. At both temperatures for a given conversion the
selectivity for DP appeared tc be greater for the feed containing MCH. As
was observed with pure DCH, higher selectivity was obtained at the higher
temperature for a given DCH conversion.

Effect of Pressure

The effect of preesare on reactivity and selectivity for DP was
studied at 842 and 10220F over the pressure range of 10-30 atm. At the
higher temperature, DCH conversion appeared to increase slightly with
increased pressure while at the lower temperature the rever.uc was true
(Tablt__ý). Selectivity for DP was quite pressure sensitive (as was

selectivity declined by a factor of about 2.5 when the pressure was
increased for 10 to 30 atm. In general selectivities for DP were higher
with the DCH-MCH mixture. Figures 22 and 23 show DCH conversions and selec-
tivities for DP as a function of pressure at 842 and 10220F, respectively,
for pure DCH (solid lines) and for the DCH-MCH mixture (points,. Heats of
reaction of the DCH-MCH generally were up to 10% lower than those obtained
with pure DCH (Table 30, values in parentheses are for pure DCH), iuder
comparable conditions due to the low conversion of MCH.

From the experiments carried out this far with DGH-MOH mixture it
appears that diluting a DCH feed will enhance the reactivity of the DCH and
the selectivity of the reaction for diphenyl. Slight loss in heat sink will
occur, however, that appears to be due to the low reactivity of the MCHcomponent. Presumably DCH or more probably the product diphenyl is more
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DQEff~f Y=T.NOFW-MWi *KXTtJ5UE

".(V~~lue. • •ffeý t ci Teaper aturelI ] 21

(Values for Pure DCH end Pure K, in Parentheseo)
Catalyst: iXA Pt on A1 203 Cataýyst Volump: - i ml

zeed. 75- 7DH LISV; 10H2.3ý •,.H plv.eswuf: 10 V to

22. o• i

Am~i 9645- 12 4 123 12 4

Temperature, "F
Block EU42 9352 1022
Wall 749 814 880
Catalyst Bed 6,58 640 680

Product Analysis, ! !
MtH 19.4 18.0 16.2
Benzen 0o1 0.1 0.1
Toluene 2.6 5.8 5.7
DGH 31.2 26.4 21.4
PCH 26.9 17,6 9,6
DP 19.9 34.1 47.0

Yield PCH, pw 2'.6 15.3 7.3

Conversion, Ikw
DCH 58.8 65.1 71.7
MCI 11.8 18.2 26.4

Selectivity for, %w
PCH 44.8 34.o 17.0
DP 55.2 66.o 83.o

DCH 0.73o0 0.910 1.14,3
(0.609) (J.762) (0.972)

MCII 0.151 0.252 0.40ý
(0.62) (1.00) (1.45)

E, act, kcal/mole
DCH- 6.4(7.8)

MCI 4---- - 14.o

, Heat Slink, Btu/lbReaction Mixture 596 48o 593

Pure DCH 406 523 644
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TABX 29

Effect (C DCH Co•'v-rsion on Slectivity for Diphegyl

(Values for PuDý' D and Pu-e MtH in Parentlieses)
Catalyst: ip, Pt CL A.1203 Feed: 75.T7h DO
Gatalys Vou0111: 7 ml 2. 35 PCH
Pressure: 10 atm 22. O {ý MCH

Run 9645- 126-i12- 32- 128 9-1 1 129-.5

Block *-- 842 -- "---- 1022 -. ,.-•
Wall 741 750 761 747 887 'Oc 892
Catalyst Be-] 60'4 615 652 614 669 686 682

LUSV 100 50 30 100 100 50 100

Pro,•uct Analysis, §*
MlH 20.0 13.5 15.1 20.0 17.3 12.1 17.9
Benzene - 0.2 0.2 0.1 0.3 0.5 o.2
Toluene 2.0 3.5 6.5 1.9 4.4 9.4 4.2
DCH 31.3 17.1 7.1 36.2 20.9 4.9 4.6
PFM 26.2 24.0 10.7 21.3 11.8 5.2 10 5
DP 20.0 36.7 60..4 20.5 45.3 69.9 43.6

Yield PCH, .;w 23.9 21.7 8.4 19.3 9.5 1.4 8.2

Conversion, ýw
DCH 58.:) 77.4 90.7 52.2 72.4 94.6 67.5
M1H 9.1 16 9 30.5 9.1 2A.4 40. 5 20.0

Selectivity for, I#w

DP 45.6 62.8 88.0 51.5 82.7 98.0 84.2

k, F, C-'i

D0H 0.707 O.61.O 0.590 0.604 1.177 1. 4 1.030
(0.609) - - - (0.972) - -

MH 0.114 0.111 0.132 0.115 o.320 0. _48 o.296
(0.62) - - - (1.45) - -

Heat Sink, Btu/lb
Reaction Mixture - - 851 -

Pure DCH 978I
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TABLE 50
MRAXrIM IN OF' DCH-1EHM R E

Erffoot ci£ Pree-,me

(Values for pure OCH and pure MCH in parentheses)

Catalyst: I$ Pt on Alo
Catalyst Volum"s. 7 ml
LMV: 100
Feed - 7 5 5% W• H.F

2.2% PdH
22. % MOH

Ih[mu No.- 96145 - 13+ 1 =3)-l 135-5 1j31-113

Temperature, *F (Block, <- 842->< c --- t
Wall 73" 745 752 873 874 682
Catalyst Bed 608 639 663 673 691 709

Pressure, -tm . 0 30 10 20 30
Produot Anel.yie, %w
MH 19.8 39.4 19.9 17.0 16. 5 16.4
Benzene - - - 0.3 O,3, 0.2
Toluene 1.9 2.5 2.1 14.7 5.+4 5.2

,CH 31.8 31.9 39.9 19.5 16.3 I 16.9
.C 26.0 44.1 31.6 9.3 21.*3 3 1.8
DP 20.5 12.1 6.5 49.2 o.40. 29.5

Y 'ield•, 23.8 31.9 29A• 7.3 19.5 -9-.5
•. * Ccnverslorl,ýwDCH 5'7.9 57.7 47.2 74.2 78.5 77.7

M'EH 1.3 13.1 10.8 2p2.8 25.0 25.5
S,1e4~vt~yfor, %it

% 53 .7 722.5 81.9 1i.' . 50.,
D? 1 46.3 27.5 18.1 87.1 67.2 50.0

,• k, seec-

D 0.700 0.352 0.175 1.225 0.695 o.4.524
0o.14 o.o61 o.o46 0.341 0-.:19 0.069

Huteat Ri99, Btu/lb

sRe&aticn Mixture 311 329 250 616 560 530
Pure_______90_29 2I 6___-_ 6~~~19~ 1__65
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strongiy adsorbed -,ii whe catalysL sai-fece than the MCI, and hence iziibits
the reactivity of .his latter component. No further laboratory work with
-the DCH-MCH system is pitrned it this time'. It il possible that reskLlts
will be different under F&53PR conditions. If this appears likeiy by calcu-
lat:Lon, sucl a mixture may be tested *imder the ]a7geo seal'2 conditions.

Thermeal Peactior

The thermal reaction was studied at _0 _nm pressurie ;ver the tm-
peratuxre range of 1022-129)3F. Under these conditions the reactivity of DCO
was greater, and the reactivity of MCH was less than that of the pure cow-
ponents. For example, at l293°F with the 'DCH-MCH mixture ronverscion of
86.2% and 54.7% were obser-ved for Duli a81 MCH, respectively, compared to
67.76 and 47.7% for the pure components " (Tabl. Based on first order
rate constants that were calculated from the conversion of the fw_" compo-
nants, the reactivity of DCH was greater by a factor of 1,6 to 1.8 and the
reactivity of MCH less by a factor of 0.7 to 0.8 compared to the pure
compc ents. The apparent activation enerE; for DCH in the mixture was 45.b
kcal/mole compared to 47.0 keal/mole for puir DCH. With MCH the apparent
acti vation energy- in the mixture was 60.1 keel/mole comepared to 39.3
kcali/wle for pure MCH. Figurc 24 is an Arrh. "us plot of the data obtained
wi'th the mixture. The values observed for DCh are certainly the same within
the accuracy of meaburement, but the vrlues for MCE are probably signifi-
cntly different. The cause of this effect is not kiiOWn. The larger valu-
for MCHI is about the sa- e as was observed by Fabuos et al of Monsanto22 Z2)
for naphthenes generally, while thermal decomposition of DCH at 800°F is
0.18 hr-1 which corresponds to ca 0.56 sec- 1 at ll001F using an E value of
60 kcal, compared to a value of 0.023 found here. If the 46 kcal value of
E is used, k at 1100l F would be 0.027. P-oduct material consisted of
cracked liquid and light gas and dehydi ogenated products. The deLydrojpnatcd
materials consisted of cyclohexenes, cyclohexadienes, benzen-e, toluene, and
unidentified :aterial heavier than toluene that was presuned to be al.yl
aromati,!s. At the higher temperatures considerable light gas was formed
that was principally rijethane, ethene, ethane, and hydrogen. The product
distribution and yields of the cracked liuiids are shownm in Table 22. The
limb÷ gas product distribution Is shomn in Table _3.

leat sinkS were estimated to be not greatei than those obtained
wt , DCH. Thiz was based upon the f 3t that uKt of the products came

from the reactions of DCH and that the products obtained were not very
differen. from thome obtained with pure DCH. (More conversion to light gas
was observed with the mixture than with pure DCH. ) Thus the heat of reaction
for the mixture is estimated to be not greater than 65 Btu/lb.

DecaliL.-Me lth clohexane

In earlier work on the dehydrogenation of MCH over a platinuum on
alumina cata];st,2ý it was shown that addition of 4 22 Dec__in (decIhydr,:
naphthalene; DBN; 68% cis DHN) to the MCH feed reduced the ,eaction rate of
the MCH by ebout a fauLo r of two. In later work on the delh"drogen tion oW
DHN addition of 10% MCH to one of the feeds appeared to retard the catalyst

a- Me thermal '-eactk'"n of DC]K wa, reported in detail in reference a and,
of MCH in reference 2.
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TABLE 31

T %TIIAL REACTION OF DCLH-Mt. =T.URE

(Values far pure DCH wid pure MH in parenthesee)

Catalyst: Qurts ChpFood: 75.% DCH

22 3rp tCH
Catalyut Volume: 20 =1

Run No. 9645- 137 138 139-1 139-3

Temperature, *F
Block 1022 1112 ..1202 1293
viall 1022 ii10 1195 1267
Catalyst Bed 103. 1085 1139 1190

Producrt Analyuia, %w|
MOl 21.5 21.4 17.3 10.1
Cyolohexense 1.0 7.0 12.5 8.3
Cyclohexadienes 0.0 0.2 1.7 2.2
Benzene 0.0 0.3 2.7 9.2
Toluene 0.0 0.2 1.6 5.0
DCH 74.1 61.9 33.8 10.4
PICH 2.2 2.) 1.5 0.8
DP U.0 0.0 0.0 0.0
Cracked, liquid 1 .2 7.4 14.8 20.6
Cracked, light gas 0.0 0.0 14.1 34.1

Con'ý-ptic=, % w
DCH 1.9 18.0 55.2 86.2
MCII 5.6 4.0 2.4 5.7

Firct Order O.Mt,

DCH - 0.045 O.1.30 o.465
(P") - (0.023) ((0.13U) (0.255)
tGH - 0.009 0.057 0.185
(pure) - (0.04) (o..B) (0.22)

E, act, kcal/mile

(47-0)MCH < - . 6.0. ->
(39-3)

89
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22.3% MCH
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0.1
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Figure 24. THERMAL REACTION OF DCH-MCH MIXTURE
Temperature Coefficient
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TABLE 32
THERMAL RE TION OF DC1i-'H MIXTURE

Crac'ed Liquid Produot Distribution

Feed: 7•,. DCH
2.2k PCHI

Product Product Ana1%is, %w Yield, %w

Run No. 9645- 137 138 139-1 139-3 137 138 3.39-i I 139-

Block Temperature, *F 1022 1112 1202 1293 1022 II_.2 1202 1 1293

Lighter than Ce - 6.8 10.1 14i.6 - 0.5 1.5 3.0

Hexane 33.3 13.0 L1.1 22.8 0.4 2.3 4.6 4.7

CH 41.7 17.0 20.9 10.2 0.5 2.0 3.1 2.1

U) - 1.4 6.6 3.4 - o.1 1.0 0.7

-Ub) 1 25.0 28.4 25.0 35.0 0.3 2.1 3.7 7.2

U0) 5.4• 6.1 14.o - 0.4 o.9 2.9

a) Heavier than benzene, but lighter than toluene.

o) Heavier tha- PC1H.
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TABLE 33

THERMAL F-TTION OF DCH-MH MIXTURE

Gas Phase Product Distribution

Feed: 75.50 DCH
2. Z- PCH

22.3rp MEi

Run tjo. 9645- 139-1 139-3

Block Temperature, *F 1202 1293-ii

p Feed to Light Gee, $w 14.1 34.I

Product Analysis, %v

H2 19.9 16.5

CH4 .31.8 3.

C2 H4  P-2.2 2o.6

13.5 14.6 4

C3 6e 7.0 9.1

CsHe 2.7 2.9

C" 0.8 1.0

C.4 Ho 0. 0.2

CH.1o 0.1 0.3

filghp-r than C. 0.5 0.4

92



I

A FAPL-TR-67-114

Pert I

deactivvating reaction, These effects have now been investigated further
,using DIDI-MOH mixtures and studying the effect of MCH concentration on the

reactivities of the feed components and on the catalyst deactivating reaction.

In these tests DHN-MCH mixtures with 9%, 23%, 47A and 71% MCH were dehydro-

WE genated over the 1% Pt on AlO-Q catalyst at 10 atm pressure anu 842-20220F.

The DHN was a Shell plant preparation and contained 91.2% trans and 8.8% cis-
ft DHN. TI& results are summarized in Table 54.

Based on the first order rate constants the reacTivities of both

DHN and MCIH generally increased with tncreasiang MCH concentration (EL&=25.

However, the rates of iaction for Dm4 were greater, and those for MCH

smaller, than for the pure compounds. Thus with the 29% DliN-71 MCH mixture,
the reactivity of the DBN component was about double that of pure DmN, while

the reactivity of MCH was about one half that of pure MCH (kc, - 1.45 sec-'

at 1022*F). The addition of MCH had no appreciable effect ot{"he selectivity

4 for naphtbalene. Similar results with a different DHN feed, addition of 9ý
Sor 23% MCH to this DIN feed enhanccd catalyst deactivation, while addition

of 47% or 71% MCH reduced the deactivation only slightly. Th• magnitude of

*, the increase in catalyst bed temperature during the run was taken as a mea-

sure of catalyst deactivation. These results suggest that factors influ-

encing catalyst deactivation with DHN may be effected by the isomer
composition of the DHN feed.

, ~D~icy lohex~vl-De ca lin

Two mixtures of 50% DCH-50% DIN were tested at 842-10220F, 10-30
aLto pressure, at LUV's of 30-100. One feedstock was made up with a Decaltz
containing a high concentration of the cis isomer (FII3; 74.5% cis DEN) and
the other with a Decalin containing a high concentration of the trans isomer
(Shell DHN; 91.5% trans D0N). Complete compositions of the two feedstocks were:

50%DCHPlus 0 of
F-l15 DHE Shell DUN

% DCIf 49.2 49.5
*a% trans-DEN 12.3 44.8

%cis-DHN 3

% THN 0.2 0.0

Reaction nrndi•t. wo4 .r•ne1xqA 1.", M ..... ,......MC. --* an -

ties were calculated. Fir-st order rate constants were calculated for each
naphthene component based on its rate of disappearance. Activation energies
were computed from the first order rate constants, based on the reactor wall
temperatures.

The effect of temperature on conversion was studied over the
teaTperature region of 842-1022°F (10 atm, LISV = 100). Tests with both
feedstocks showed that addition of DHN to DCH lowered the reactivity of DON;
increa3ed the reactivity of DCH when the DHN had high trans content (.Tble

! _ i aid did not appruimtly ad.i,'et L ie DCtI reactivity when the DMN
had high cis isomer content (Table 36, FLigure 26 ).2

Activation energies (Eac+) for the debydrogenation of DCH and DIN

were calculated from the first orer rate constants (Tables 36 and 35) and
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Figure 25. DEHYDROG[NATION OF DECALIN-METHYI.-.
CYCLOHEXANE AT 1022 0F

Effect of MCH Concentration on Component Reaction Rates
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vaiii:a for pcure LC}( y~iv . DAiN in parpnthe~co.

W~:IC 4 9. 5-k D(-,T1

Rmn No. 9% -

Temqj~iruture; 'FI
8J42 9312 102-1

w ;7133 ~ 802 862
0-atWiYst Bled 69682 741

&~T Catailat, Bed,~ 'F j 1.7 1.6

Product linalysis, %ýw
-trans-M~IN 39.2 ,6.0) 30.3
eias4vqN 2.5 2.3 2.4
DCH 20.0 15.2 U1.8
THIN 3.0 2.3 2.1.
PCH 1)4.3 10.4 6.3
Naphthelenep 5a1 8.8 14.5
DP 15.9 25.0 30.6

Yiol.L PCH, %W 13.3 9.1 7.0

coýweroion, %w

59769.7 76.3

(25.01 (3.3-5) t941.5)

Cot.ined)
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Table .5A.2(,td). DElnRC3'ENATION OF DH-SITLL DONI
_I__R__ EFfECT IF TENPERATURE

Run No. 645- 187 183-1 188-2

k, e1
DH C. 139 1.022 1.291

(0.609) (0.762) (0.872)
DHN 0.161 0.254 o, 40

(0. 2804 (0.419) (0.580)
Overall 0398 .0P577 0.81-2

E, act, kcal/mole
CH <-- 7.8 >

_ - -_7.8)

D..N 13.9

Heat Sink Reacti.•
V+& 1 lb

MirtuieU 454 583
Pure DCH 55? 705 181
purie DIEN 128 196 306
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PFI

'al3_Contd)._DEr-1YDROENAT T N (IF DH-DHN
MIXT'f~E: £1-'FFECT OF TFM!F2RAaTJRE

Run 9645- 2.1, 159 16c

Dr, H 0.-5U, 0.-780 0.960
ýo.6o9) (~0-762) (0.9072)

DN0.3557 0.497 0.642
(.0.49A) (0.693) j(0.900)

Nve r i11 o.48't 0.6o 076

(7.8)
DHN ---- 6.6 --

Hieat Sink Reac-tior½
Btu I] lb

Mixture 332 4257 533

Pure DCH1 4("6152 644

PIur HNI 2-16 413 I1
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on

40

1-ressiura 10 atrm
"20' LHSV: 100

20 Decalin: Shell OHN

Feed: 49.1i'. DHN
49.5% DC H

1.4% PC HI__ __L L__ I___

80

60

401- -0

Pressure: 10 atm
LH!,V: 100
I)vcalln : F-If13

Feed: 49.2% IHN
49.2% DC H

I .,,'. PC H
n. 9f,, THWNl-

00850 900 950 1000 1050 1100
Pe6a-ctr Block Tami-ar~t~re, 'F

Fijare 26. DHYDROGENATION OF DC.H-DHN MIXTURE
Effect of Tem~perature on Conversion for Different Dec~alins
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Were diffrent wzith the , fee-dstoc-hs hlrs with the high is-DJUNT feed,
for L'CH and DIH* e•,re lower than t,,:e -tge r.od pou t" "''-renflr,.tents

(Table %.1; while with the hlith t,:3a, -Dim" feed, Eact for DCI ,equalled that.
"of pure DCH and E_,,4 for DEi was higher than that of pure DMN (Table ,3).
Figure 27 shows Aýrrenius plot of the htua ;'c ....... m-DI .ixtures. As
the act a ti no e rgie w les ett;e l ted fro i: .t Ce firstte t
they represent activation energies for -te f•.t wit dehrcgenatlorl step.I

W~th pur'e DIN, catalyst deactivation was obierved during dehydro-
genati, ti) Mixinig DCII un. DIM reduced this eatalysi, deactivation consider-
ably. -for example. durini de!Khd:noge tion cf pure F--I5 YIM and pure Shell
DHN increases in cmtalyst. ed temper!., wures oaf 1400 F and 5i F, "espectivwly,
were observed at 10220F. ) With the DCH-DIN feeds temperatures increases of
only 23SF and 16 0 F were ( bserved with the DOH-F-]13 DEN (TaFle.) and the
DCH-ShELL DHN (Table 15,, respectively.

Reaction neat sinks calculated for the DCH-DHN mixtures were lower
than those obtained with pure DCHE but higher t"an those ýbtained with pure
DIN.

The effect of conversi'on on selectivity was studied in a series of
expv,:!:trnenl s at L 342" ai.d 1022 0 F (.h"V 50 and 30; 10 atm pre -sure) using the
DCO-F-II DJT4 feedstock (i.e., high cis DHN conl exitration). With this
mixture DCH conversions were about that obeervecs with pure DCH (Table .
Selectivities for DP at a given conversion were higher than was observed
with pure DCO, more so at 8420F than at 1022F (Figure 28). Comparison of
the resultE for DMN with the mixture tc that of pure DEN an- not possible
now as p Fur 1-113 DEN has not been tested ax yet, under these reaction
conditions. Heat sinks of reaction cbteined wi 'Lh .. m DOCH fDL mixture were
soiwhat lower than those observed with pu.r-e DCI.

The effects of pressure on conversions and sciectivities were
studied in a series of experiments at 10 and 20 atm pressure andt 8420 and
1022°F (%LSV = 100) . In general, at a given pressure and ocmparcd to '-he
pure components, conversions; of the naphthenes in the mixture were slightly
lower (Table 58); while selcetivities for DP were slightly higher, and those
for z.aphthalerne slightly lower (Figure 29) than was obserjed with the pure
componants.a) Heat sinks of reaction with the mixture were lower: genera.

than those obtained with pure DCH bLt higher than those obtained with pure

In surmary then, addition of 50% DHN to DCH rAaced the reactivity
of DIMN; enhanced the reactivity of DCH if the trans isomer content of the
DWI was high (904); and did not effect the reactivity of DCH if the cis
isomer content of the DHN was high (74). No reason f or ti.,1w isocmer effect
on the DCH reactivity is ircnndiately evident.

The DIh conversions and selectlivi- es for naohthalene were compared to
those obtained with EK P1905 DBN. 3 ) This Decalin was .c:c reactive than
K-±15 D~li hence the D-HY conversions and naphthalene se. tivlties shown
in 'TPaALe ') and Figure 29 for pure DHN could be slightiy higher for the
F-113 decal.in.
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Figure 27. DUHYDROGENATION OF DCH-DHN MJXTURE
Temperature Coefficient
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f Table 7. DEIYDRCGENATICN OF rxVF,-DHN MIXTYME:
EFFECT CF CGN'ER.31ON 0, SELECTIVITIMS

FOR DIPHERIL AA&D FOR NAPI1''!{LEE
Values ff-r pureD- i e nd pure .F•N in par the-es.

Catalyst: PjL Pt on A1ý0 3  Fe, d: 49.2,f, DC.i
Catalyst Volume. 7 ml 12.3% trans--DIIN
Pressure: 10 atm 36.9 cis-DHN
Decalin: F-1f3 i.4 PcO

0. THN

Run 9645- 162-1f 162-2 163-1 163-2

Temperature, OF
B loc k < -842 -> <-- 1022 -

Wall 725 7ki 9'5 941
Catalyst Bec 635 64o 720 732

SLSV 50 30 50 30

Product Analysis, %w
Cruaked 0.0 0.0 0.0 0.3
Benzene 0.0 0.0 0.1 o.4
Toluene 0.0 0o. , 0.2
trans-O)HN 1 4 .9a 13.9&) 7.5 2.7
o iT-DHN 9.9 ;,4 4.2 1.0
Ub 0.0 ).0 0.1 0.4
DCH 11.3 5.0 3.) 0.4
THN 5.7 14.3 1.3 0.5
PCH 11.9 6.5 2.3 0.4
Naphthalene 19.2 26.9 36.5 44.8

Conversion, %w
DOH 78.6 89.9 93.3 99.2*

(78.-3) (93.2) (95.8) - )
DHN 49.2 60.8 76.6 92.5

(4iL .3) I,58.9) ,65.4) (8,1.9)

F i-^cto trans iSoLerization durl-ig the run.
b) Unidentified.
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Table 31 ( td), DEHYDROGENAT-DN OF DCH-DITN MIXTURE:
EFFECT CF CONVERSION *, SELECTIVITIES

FOR DIPHENYL AND FOR NAPHTHALENE

Run 9645- 162-1 162-2 163-1 163-2

Seleotivity for, %w
PCH 28.0 11.8 2.0 0.0
DF 72.0 88.2 98.o 99.9+%
WhN 22.2 13.2 2.9 0.4

Naphthalene 77.8 86.8 97.1 99.6

k, eec-•

DCH 0.587 0.560 0.761 -
Du[N 0.325 0.273 0.8353 O.880

Heat Sink, Btu/lb
Reaction, Mixture 574 736 862 976
Reaction, Pure DCH 656 895 978 1050
React on, Pure DHN 383 552 618 825
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10 0 . ..

Pressiore- 10 Afn1

- Decalin: F-113 0
S~Feed: 49.2% DCH
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80 36.9% cis DHN
1.4% PCH0

0.2% THN

60

0
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.. ure 28. DEHYDROGENATION OF r•CH-UHN MIXTURE

Effect of DCI Cunversion on Selec;ivity for UP
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Part. I

T!!able .DE1YDROENATION OF DCH-DAN

MLXT¶URI: EFFECT OF PFB-•SURF

Values of pure DCH and pure DU{N in parentheses.

Catalyst: 1ýv Pt on AlO 3  Feed: 49.2% D0C1
Catalyst Volume: 7 ml 12.35. trans DHN
L1dsV: 100 36. 95 cis DtUN
Decalin: F-113 1.4? PcH

0. 2f, THN

Run 9645- 1_65 -1 165-3 166 168-1 168-, 169

Temperature, 'F 1
Blook -- 842 > .1022 .... _>

Wall 720 716 729 882 885 889
Catalyst Bed 624 635 660 703 702 711

Pressure, atm 10 20 30 i¢ 20 30

Prftuot Analysis, •w
treis-DHN 14.8a) 18.9a) 25.6a) i2.4a) 14.2a) 15,4a)
cis-DHN 19.0 14.o 10.0 13.1 9.5 7.1
DCH 24.8 27.6 31.3 14.6 13.9 14.7
THN 6.1 10.6 12.2 4.2 9.6 13.5
PCH 14.2 17.6 17.0 10.2 16,5 20.7
Naphthalene 9.5 6.3 4.4 19.9 16.4 13.7
DP 311.6 4.9 1.5 25.6 19.8 14.6
Cracked 0.0 0.1 0.1 0.0 0.1 0.3

Yield £OH 12.8 16.2 15.6 8.8 15.1 19.3

DCH 50.0 43.5 .55.8 (0.1 71.5 69.6
,452.2) (46.0) (38.5) (71.0) (75.5) c74.6)

DUN 31.7 .)2.5 31.1 47.8 51.4 54.1
L31.5) ý33.i) :.32.6) ý52.9) '154.0) (.55.5)

Selectivity for, %w
PCH 53A1 76. 91,5 25,6 43.1 56.9
DP 46.9 23.2 8.7 74.4 56.7 43.1
THN 35.4 62.3 75.2 16.7 36.4 49.2
NapathaLene D1.0 37,7 ". . ,;2. 50.C

_i - _i -_ _ _-I

a) cis to trans -isomerization occu~rred during dehyUrogenalion. TCortinued)
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Table Y§ (Cotd). DEFYDROGENATION OF DCH-DHN

Run 9645- i65-1 163-3 166 168-1 16S-i 169

k, see-'
DWi 0.554 0.228 0.119 1.100 0.558 0.366
DHN 0.364 0.187 0.119 0.706 O.39. 0.283

Heat Sink, Btu/ib
Reaction, Mixture 3.... 273 220 547 530 491
Reaction, Pure DCH 390 294 21a 661 625 567
Reaction, Pure DIN 288 242 230 503 495 485

107



AFAPL-TR-67-114 100
Part I

80

o~60 pl

20

0

80~ 
e~j

CC

z

LHSV: 10 9
20 Decal*n: F-i113

F,-cd: 49.2% D C H

12.3%~ *rans DH NI-.36.9%; ci DHN
1. 4' FC H

D E "-:1 T7 1~ T O0 F LDC H D HN t, TU



AFA5P., T.•-z407
Part I

Activatio energies for the first debydrogenation step were lower

than those observed for the pure components with the 50% DCH-50% DIRN (T7% cis)

but with the 50% DCH-50% DIN (90% trans) Eact for DCII was unchanged and Eact
for DH1I was higher than those obtained with the pure components.

At 842"F and a given DCH conversion (80-90%) there was a marked

increase in selectivity for DP when DHN (75% cis) w.A added to DCH. A simi-

lar but less marked effect alsc was observed at 10220F.

With increased pressure (10-30 atm) addi4io-n of DHN (75% cis)
generally reduced the reactivity of both DCH and DIN; and at a given
conversion gave a slight increase in selectivity for DP aad a considerable
decrease in selectivity for naphthalene. As was observed with pure DCH and

pure DHN, at 842-10•2°F conversions were essentially independent of pressure
except f., DCH at 842*F where conversion did decline somewhat with incredsed
pressure.')

Very little catalyst deactivation was observed during dehydrogena-
tion of the 50% DCH-50% DHN mixtures.

With the dehjdrcgenation of 50% DCH-50% DHN the reaction heat sink
was less than that of pure DCH, but greater than that of pure DHN. This was
primarily because the total reaction heat sink available from DCH is 108T
Btu/lb and from DHN is 950 Btu/lb. Although an increase in selectiiity for
DP was )btained when DHN was added to DCH, the gain in reaction heat sin-k
due to this enhanced selectivity was not enough to compensate for the loss in
heat sink bj diluting DCH with DHN. Thus it appears that no gain in reaction
heat sink over that of pure DCH will be obtained by adding DHN to a DCH
feedstock.

Thermal Reaction of Dicyclohexyl-Decalin Mixture
Yhe 50% DCH-50% DiN mixture was also tested for thermal reaction

at 10 atm pressure, I022-1293°F at LIRV of 20. In these tests auartz chips
(10-20 mesh) filled the reaction zone in the reactor.

With thip rZixture the reactivity of DCH was slightly; greater than
the reactivity of DHN. For example, at 1293"F DCH conversion of
69.94 was observed corpared to 62.2% for DIM (7).bl ) For the two DEN
isom~ers the cis soec'es was more reactive thar the trans ('c rate coistants
labie 39). Apparent activation energies ramged fro 44.2 kcal/ e _ ' is DHC )
tz r14.2 kcai//c!e (trans Dib. FLui O is an Arrbheni-s plat of thrz dt+a
Peacion•, p....uct. were ma•rh•2 •iu.d cracked zaterial (Table).... ) wi'l .'esser

on.. cf 'ras products. Gtts products wcre r:af-ily methine, et~hylenc _ncl
"•-a 40) Heats of reaction were ocas .

;,' 'ro-,e ;r-" ,7. .' reacticns be.wee. the- react--.n 1'-- . uct.

rate ... ac ,aon n,-ý t- E r-.e-
tar .. wit2i the pujrc co ,por -e shown' ..-,

cr 1 7 [ ilO' T'i C nixt , act' o0 CH W'S c'7,;;sar..! le to D •' of
"a •`r-
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"Pun No. 10100- 1_ - -Z 18

Temperature, OF!]
Block1022 1112 1202 U915
Wall 1009 109"k 11175 1240
Catalyst Bed 972 1056 1119 1155

Product Analysis, %w
Benzene 0.0 0.4 1.7 5.5
U 1 b) 0.1 1.3 2.3 3.0
Toluene 0.0 0, 1.2 4.6

U2 b) .2.

trans-flIN 12.4 12.:2 10.:0 6.7
Ulb) 0.1 0.3 0.6 1 0
cis-DIM 36.1 32.3 22.8 11:9
Tib 0.0 1.4 3:6 4.6

1. b) 49.0 44.1 30.1 14.8
U5 S 0.0 010 0.6 0,8
THM 0.1 0.1 0.4 0.6
PCH 1.4 1.4 1.1 0.8
Naphthal ene 0.0 0.0 0.0 0.5
Cracked, liquid 0.8 6.0 17.2 21.3
Cracked, light gas 0.0 0,1 8.2 21.5

Conversion, % w
tians-DHN 0.0 0.8 18.7 45.6
c£s-DNa 2.2 12.5 38.2 87.7
Total DHN 1.5 9.6 33.4 62.2(14.6) (46.2) (7
DCH 0.5 10.4 38.8 69.9

First Order Rate Constant, see 1  (3,7) (10.3) (39.2) (66.7)
trans-DHN - - 0.066 0.16"

(0.018) (0.119) (0.348)
cis-DHI! 0.034 0.197 0.361

o(0.055) (0.201) o(0.492)
Total DHN 0.01f5 0.108 0 0.267

(0.039) (0.116) 1'(0.425)
DCIII 0.023 G 109" 0.277

(0.023; (0.:111) 1(oo.2Ss)
E, Act Energy, kcal/mole

trans-D}l• *4--- 54.2-

(43.3)

U •t :P, B3tu,/i 10.0 I 1240 228
:4.a at Il40ei1 Temp 1i39 I243I

.... 'I. 0 01,ý 1050 ýj 11391 1.'
iW I, q
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Table 40. THEM REACTION OF DICYCLOHE-YL.DECALIN
ST1AW: W ME PRO)DUCT PT STRIBt1ION

Pressure: 10 atm
LHSV: 20
Feed: 12.3A trans-DHN

36.9§, cis-DIN
49.2A% DCH

0.2r Ta
1.4% PCH

Run No. 10100- 18 19

Block Temperature, "F 1202 1295

Total Conversion, •w 33.4 62.2

Conversion to Light. Gas, •'/w 8.2 21.5

Gas Product Analysis, ýv
H2  22.2 18.4
OH4  30.2 29.8
C2H4 21.3 21.5
c2 Ha 12.3 14.3
C3H6 7. 4. 8.7
03H15 2.7 3.8
c4 0.5 0.8
c4H1 1.3 2.3
C4H1 o 0.l 0.2
C5sH° 0. 0 0.2



These experiments were done with a 50% DCH-50% l-M}IM mixtuiru tat
analyzed to be:

43.9% c,-l)-MDHN
49.4% DoH
0.6% PcH

The experiments were done at 10 atm pressure, LHSV of 10o0 at 842-1022°F
usiLig our laboratory 1% platinum on alumina catalyst. The procedure for
carrying out the experiments was the se.e as that used for studying the

DCH-Decalin system. Product material was analyzed by GLC, using a five-
foot 1/4-in stainless steel column packed with 5% Carbowax on Chromosorb W.
With this column the 5-MHN and PCH emerged as one cor : nt. Hence these
components were obtained by a separate analysic using a two-foot, 1i- inch
diameter column packed with 20% tricyanoethoxypropane on 100-200 Chromosorb
W. The data are recorded in Tabj.e 41; values obtained wit'n purt components
are shown in parentheses.

Addition of DCH to 1-MDHN stabilized the catidyst. For example,
at 9324F an increase in catalyst bed temperature of only 490F was observed
compared to an increase of over 200*F with pure I-MDHN ITabe_ 41). Further,
the overall reactivity of I-MDHN was enhanced, prcsu, because of catalyst
stabilization (cf rate constants Table 41). Selectiviticy for methyl-
naphthalene was considerably lower in the mixture, however. The reactivity
was enhanced, but the selectivity for DP was virtually that of the pure
component (Table 41.

Activation energies were computed from fir_• Ecdr rate const-ts
and are recorded in Table 41. Figur 31 is an Arrhenius plot of the data.
Heat sinks with the mixture were lower than those obtained with pure DCH but
greater than those for pure l-MDH (Table 41).

In sunmnry then addition of DCH to 1-MDHN:

1. Stabilizes the catalyst for dehydrogenation of the naphthene
mixtures.

2. Enhances the reactivities of both DCH and -1M-N1M .

3. Lowers the selectivity for methylnaphthalene but does not
effect the selectivity for DP.

4. Gave a heat of reaction that was lower than that obtained
with pure DCH but greater than that obtained with pure 1-MDHN.

Propane Crackina

The rcaction of propane to give ethylene and aethane has an
cridothermic heat Lf 740 Btu/lb. For this reaction the equilibrium propane
u •'rr:iorn f1 95`4 at 10 atm pre:,cýure andJ 1340°F. This would give a total

:11 5



L.L

-- i

Value5 obtained with pure ccaoneoitr, 5hown in ptte~ e

Cstalyatt •1 Ft on AltO Feed, 6.1ý trans-l-M•'

UWVZ 100 4 .p vn!

?rs,.o ,0 s0m 1 P -2 .

p~un No. 10!00 9-1 10-1 10-2

Teaperature, OF

Block 
842 932 1022

Wall 706-12 163-10 85-78

Catalyst Bed 640-67 698-147 '7-925

610-22 650-60 698-143

615-20 657 701

026-28 6M1-69 130-18

aTmax, P.catealyst bed 21 49 148

Product Analysis, %w

trans-l-NDE 
9.3 1.6 6.5

cis-1-mDUN 18.9 18.3 11.1

DCI 19.7 16.0 12.2

I- 2.31. 1.1
5-Nlm( 5.9 3.3 1 1

S18.2 12.1 7.8

i.NethyInphthalono 14.0 19.1 23.6

DP 11.1 23.1 30,0

Yield ?CH, %w 17.6 11.6 7.2

conversion, %w 
?.

DCH 60.1 69.6 76.3

S43.6 48,2 62.8

Overall 51.8 58.9 64.0

de1.ctivi?' for, %W1
POE 60.0 33.2 18.4

(59.2) (36.5) (20.2)

DP 40.0 66.8 81.6

1 (40.8) (63.5) (19.8)

Who 36.4 17.6 10.7

Hethy1apht hale n 63.6 82.4 89.3
(83.6)

k, ae1 0.731 0,993 1.249

(0.609) (0.762) (0.972)
1-mm 0.498 0.598 0.729

(0.329) (0.367)

Overall 0.606 0.175 0.953

tct, kcal/molef
DCI 

S. 6

1-D-HN < -4.6 4.6

Overall •. 6.5 --

Reaction Heat SLnk.

Btu/ib I

Mixture 374 481 555

3u0e DCH 40E 662 7,j32

Pure KD ~ 300 37



877 770
10r

F-teture: 10 Atm
LHSV: 100
Catalyst Volume: 7ml
Ca'alyst: 1% Pt on A12 O

Q DCH

O I-MDHN

7 DCH + I-MDHN

U0

L Feed:
6.1%l trans-i -MDHN

43.91o cis-I-MDHN
49.40/t DCH

0.61c PCII

loI 0-' I
1.30 1.35 1.40) 1.45 1.50

'100O/T, *K

Figure 3 1. DEHYDROGENA' ION OF 1-MLDHN-DCH M,,IXTURE
TEMPERATURE COEFFICIENT

621',, 5



heat sin.) of ".zout 1950 Btu/lb. Under conditions of thera! r actluii abo .
equal selectivities for the deh~ydrogenation of propane to piropylene 81d the

crackLng of propane to ethylene and ,:thane are reported in the literature.
A few exploratory experiments were carried out imder conditions of thermal

reaction U..N.. fi.ee-dical r, nd apo at ,oer temperatures with

var!ous catalvsts, to test the reactiivity and selectivity of propane for the

crack3Jng reaction.

Thermal Reaction

The thermal i'eaction was tested in both the standard laboratorj
reactor (1/2" IPS; 5/8" ID) and in a -'-Jified apparatus using a 1/4" OD
reactor tube.

The tests in the standard reactor were done at 10 atm pressure,
1022-1295°F at LHSV of 20, with 20 ml quartz chips (10-20 mesh) in th-,e
reaction zone. Under these reaction ,itions propane conversions were
considerably higher then were observe- -eviously at lower pressurc. For
example, at 12950 F about 20% propane 'ersion was observed at 10 atm
pressure (Table 42) compared to only at 1 atm pressure (see Table 16
of a previous report).:*) Presunmbl.- higher conversions were due to
longer contact times at the higher p-: ire. Debhydrogenation and cr'ig
were the principal reactions during . ne pyrolysis. Thus at 1295°F
selectivity for the dehydrogenation r . 2tion (product propylene) was about
40% while that for cracking (products -thylene and ethane and methane) was
about 53% (10 atm; Table 42). The re 'vity of propane for thermal
reaction was about one half that of Icyclohexane (MCH) based on the
first order rate constants. Thus at 'F kC.H, = 0.04 sec"I compared to
0.08 sec- for NCH. Activation ener- r prolmne pyrolysis was 51.

-, -~~o ~ (Th)~ 0 L T4pat sink• •-.,..,Ls.,t.,,t. . 0.v *,..C ~ ~J~A. t[.. t...'.A..J.flp.. . , • -~ ..- s- --.t.-J/ & •. -. "-, . ...-

of reaction was only 175 Btu/lb (129' due to lo,.. conversion.

Thermal reactions proceed v. a free-radical mechanism. A few
experiments were carried out to explor-e t:.e possibility of enhancing the
rate of thermal reaction by the use - free-radical initiation. These
experirmenLt were done at 1 atm press ý, 1295°Fand as a propane LHSV of
about 22. Ally] chlorid• (1%), meth:; iodide (10%)',and hydrazine (i%) were
tried as initiators. To carry out a:- expe .iment, propane flow was started
through the reactor and then liquid itiators were forced into the propane
streams at the top of the re~ntor by . syrLnge pump. The flow rates were
such that the initiator vaporized co: J:letely into the propane stream. These
experiments were carried out in a ncx'f'ied ;apparatus using a 1/6" OD reactor
tube and which is described in detail in - Appendix. The data for the
ey7ýr,.h-,ents ,re swn i-n Table 42.

Ve-y little enhanced reactivity was observed with 1% added allyl
chio•ide. With 1($ added methyl io6 re the overall conversion was increased

a a jactor of three (cf rums 108 ai> 110i-I, Table 42). Considerable coke
*(Ijr.Ultr... cu-ing -the runs 41th all-,- Qhloride and methyl iodide, although

",r.:tcr war: •onte<.ted. wth n4 - 0- n , at 1022%F for 16 hrs between



Table 42. TIIKEMML REACTION OF PROCPANI

Catalyst: Quartz chips
Catalyst Volume: 20 ml

Run No. 10100- 712a) 7 3a) 7 4- 1 a) 74- 2 a) l 1 O-1 b) 'lO-4b) 1 0 8b)

1% ally-I 10% metl-I1riiltiatcx' '• - none ; none 1* al l ' fthjchloride iodide

LHSV 4 - 20 - 22 based ox, 2.3 cc volume

Pressure, atm --------- i0->_<I

Temperature, °F
Block 1022 1.J2 1202 129- 7 1.295
Wall 1018 1108 1197 1274
Catalvst Bed 995 1090 6 __40

Product Analysis, 7m
He 0.0 0.4 2.6 9.2 2.3 2.0 4.6
CH4  0.1 0.7 3.7 10.5 1.4 1.5 6.1
Cel4 0.0 0.6 3.2 6.5 1.4 1.6 3.5
C2H8  0.0 0.0 0.4 2.1 0.0 0.0 0.1
C31e 0.0 0.5 2.6 6.7 1.4 1.6 5.5
cshs 99.9 97.8 87.5 64.8 93.5 93.3 80.2
C4je 0.0 0.0 0.0 0.2 0.0 0.0 0.0

CH 6 Conversion, %m >0.1 1.1 6.6 19.> 2.9 3.4 10.6

Yield C-.H4j %m - 0.5 2.8 8.0 4 . 4 5 ±.7 6.1

Yield C2I4 +- CeH6 , %m - 0.6 3.8 10.6 1.45 1.7 4.0
First Order Rate - - o.04o 0.134

Constant, sec -

Eact., kSc-al/mole •-14 --

T 0Trrie out 4r. the standard 5/8" ID reactor tube.
L) Cri-4 out in t'e r- 4---fi- reactor with the 1/4" OD reactor tube.

iI(7
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From the results obtained thus f, r it did not appear that addition

of small amncunts of free-radical initiato- s would enhance the propane pyroly

sis rate appreciably. No furtner experiments are presently planned alhough
the idea has not been discarded completely since the effect on the r&Le would
be critically related to the properties and abundance of the free-radical
species generated. Here we have barely scratched the surface.

Catalytic Reaction

A few exploratory experiments were done on the catalytic cracking
of propane usi•ng various typcs of ocatalysts. The purpose oi
the work was to see if propane could be converted catalytically to ethylene
and methane at temperatures lower than those needed by thermal reaction.
Seven different catalysts were tested, including two platinum on ell.iinas,
two commercial platin,,un catalysts, two commercial zeolites and one zeolite
upon which platinum had been hig-hly dispersed. One of the catalysts was
tested in our standard laboratory reactor, all of the catalysts were tested
in the modified apparatus with the 1/4" OD reactor tube. This latter
apparatus is described in detail in the Ajpendix. Product analyses were
carried out by GLC and mass spectrometry.

A Houdry cracking catalyst (!i(; 20 ml volume; 10-20 mnsh) was
tested in the st"±uddiu Latoratory reactor (1/2;1 IPS) at 932-12020 F, 1 and 10
atm pressure at ILiSV of 20. At the highest temperature only 3.5% to 4.1%
propane conversion was obtained at both pressures (Table 43). The catalyst
was inactive at 1022°F and only slightly active at 12 0F (conversion l1).

The catalyots were tested in the 1/4"I reactor at 572°-30220F, 1 and
5 atm pressure, at L1JV of 20. Catalyst of 2 ml diluted with 5 ml of quartz
chips (10-20 mesh) were used in these tests. The dath are tabulated in
Table 45 in which the product distributions shown are from the mass spec-
trometric analyses.

The 1% platinum cc alumina (our standard dehydrogenation catalyst)
and the UOP-R8 platforming catalyst (0.76% Ptm A1 2 03 ) were the most active
of the catalysts tested. With these catalysts 15 to 24% conversion was
observed at 1022°F. Dehydrogenation was the a ... tio. and selec-
tivities of 79 to b9d for this reaction (i.e., propylene) were obtained.
Both catalysts were quite active and 5 atm pressuure and 10220F the propylene
product concentrations ,.ere about the equilibrium values. The activity of
both catalysts were ab, the same at 5 atm but tit I atm pressure the UOP-R8
appeared more active (1022°F).

All of the other catalysts tested were less active than the piati-
num on aluaiinas. Based on propane conversion at 5 atm and 1022°F the
catalysts in order of decreasing activity were: Zeolon (Mordeniýe) NIi4 form;
Shell IHydrocracking catalyst; 0.08% Pt on Mordenite; Houdry M46; and Zelon
(Mordenite) 11 form. With these catalysts propane conversions ranged from
6 to 0.64 (5 atm, 1022'F; Tabl.e 44). None of the catalysts showed activity

; 2t72~��,oxce t UOP-R? with which about 0.5% conversion was obtained at

th••. exploratory tests conducted with these catalysts it
:!r:•��,J.-_O cracking catalysts and reforining catalyts do not catalyze the
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propane cracking reactions with even a moderate degree of selectivity. It
might be possible to develop a catalyst more selective for this reaction
but we have no plans to do this at present.

Table 45. PROPANE CRACKING WM HOUDRY M46 CATALYST").

Catalyst Volume: 20 ,,
LHSV: 20

P q No. 10100 75 76 77-1 77-2 79-1 79-2 79-3 79-4 80-1 80-2 81-1 81-2

Pressure, ate - I - - - -O

Temperature, ¶F
Block 932 1022 1112 1202 932 932 1022 1022 1112 1112 1202 1202

Reactihn Time, min - 2 0-----2 --. 2 55 2 15 2 15 2 15

Product Analysis, %a
H2  - - 0.3 1.8 - - - - 0.3 0.6 2.9 2.3
C- - 0.2 1.6 - - 0.5 0.5 2.5 2.4
C- - 0.0 1.5 - 0.5 0.3 1.9 1.8
CtHA - 0.0 0.0 - 0.0 0.0 0.3 0.2
C311 - - 0.5 1.9 - - - - 0.4 0.4 1.7 1.7
CPSI 100 100 99.5 93.2 100 10 100 100 98.3 98.2 90.7 91.6

C3HA Conversion, %r 0.0 G.0 0.5- 3.5 0.0 0.0 0.0 0.0 0.9 0.7 4.1 3.8

3 Camert to H - - 0.5 2.0 - - - 0.4 0.4 1.8 1.7

C:3H, Converted toC3g CoHnrt - - 0.0 1.5 - - - 0.5 0.3 2.3 2.1

a) Cerried out in tha stmndtrd 5/8' I reector tube.
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Conventional CatalOysts: Preparation and Testing

An extensive catalyst preparation program has been carried out with
the object of discovering catalysts more useful for endothermic reactions.
Specifically, for naphthene debydrogenation, this means such catalysts must
be more active, or have other desirable attributes such as greater stability
than the present reference catalys% 9874-24 (1% Pt/UOP R-8 A12 03 ). Many
catalysts (224) of different types have been prepared or obtained and rapidly
screened for activity for MCH dehydrogenation at 10 atm pressure, U{SV 100,
and at 662, 792 and 842*F, in the microscale test rig (MICTR).a) The purpose
of the screening tests has been to obtain a quick comparison with the refer-
ence catalyst and to eliminate catalysts with activities too low to be of
practical importance. After the initial screening, some of the more active
catalysts have been further evaluated in the bench scale reactor with MCH.
If warranted, some of these catalysts will be later evaluated for dehydrogen-
ation of other naphthenes (e.g., decalin), for dehydrocyclization (with
2,5-dimethylhexane) and for depolymerization (with tetraisobutylene).

Catalyst Preparation

Exploratory Preparations

The majority of catalysts have been prepared by impregnating various
supports with one or more metal salt or metal complex solutions, followed by
drying, and reduction in situ. Typically, only small quantities of any
particular catalyst have been prepared, 10-50 g. The amounts of metals
employed are within the broad limits of 0.5 to 30%, and most commonly within
the limits of I to 5%. Virtually all of the individual metals in the
periodic system that are known or can be expected to have debydrogenating
activity have been studied as well as bimetallic and a few trimetallic
combinations. The active Group VIII metals have been given particular
attention. Tan different types of supports have been employed. These are,
commercial aluminas of many types, charcoal, graphite, ferric oxide, silica,
zirconia, amorphous alumina-silica, three orystalline alumino-silicates
(molecular sieves), and diatomaceous earth (celite). In addition, a number
of commercially available catalysts have been included, and Shell catalysts
available from earlier proprietary investigations.

Larger Scale Preparations

Two catalysts were prepared in relatively large quantities. Both
consisted of Pt mounted on Harshaw 0104 alumina. The first preparation
(5 lbs) duplicated our standard laboratory catalyst (1% Pt on 1/8" pellets)
and had comparable activity; mc-st of this was supplied to the Fuels,
Lubricantsand Hazards Branch of AFAPL, Wright-Patterson AF Base for in-
house studie3.

The pellets were broken, sieved to 10-20 mesh size and tested in
the bench-scale reactor at 10 atm pressure, 842-1022°F and IHSV of 100. The
activity of this catalyst was slightly higher than that of the standard
laborator-j catalyst (9874-7) and at block temperatures of 8420., 9320, and

a) See Appendix.
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10220F ?M'H conversion of 44.6%, 57%,and 73.24 were obtained, compared to
40.8%, 54.8%,and 66.6% with the standard catalyst. With this catalyst a
temperature increase of 160F was observed during a 30-minute run at 10220 F.
However, in another 4-hour test (1022*F) no catalyst bed temperature increase
was observed, duplicating the behavior of other preparations of this catalyst.
The reasons for this difference in behavior is not known.

The second preparation (1 ib) consisted of 0.76% Pt on 50-60 mesh
alumina and was supplied to United Aircraft Research Labs (E. Hartford) for
asymmetric heating studies. Because of the fine particle size, the catalyst
was tested by forming into 1/8"t pellets and fracturing. It had a high bulk
density (0.88 vs 0.52 for the MICTR reference catalyst) alid somewhat higher
activity (1.1 x the standard). The enhanced activity was probably due to
the larger amount of Pt in the reaction zone.

Catalyst Evaluation

Supported Platinum

Of the many different catalytic metals and metal combinations so
far tested on various supports for dehydrogenation of methylcyclohexane
to toluene, the most active system appears to be platinum supported on a
number of high surface area aluminas. Some of the other supports (types
5,6 and 7) lead to active but not quite competitive catalysts. The results
with a possible alternate support (type 7) are discussed below. In general,
at relatively constant total platinum content the dehydrogenation activity
rises rapidly with increasing surface area of the support and then tends
to level off (cf Table 45 and Figure 32). Activity usually does not rise
much beyond a total platinum content of 4% for the higher surface area
supports. A typical. example is shown in FjMre_ for a Type 1 support.
The limiting factor is undoubtedly the amount of platinum which can be
highly dispersed, a function of the extent of surface area of a particular
support. Activity can diminish if the support is overloaded with Pt. This
is shown in Figure 33 for a type 7 support (this is a dense support, so the
two curves are not on a comparable basis). Opti•hnm activity is obtained with
a platinum content of 2%. The high activity is partly a result of the high
catýlyst charging weight per unit volume (cf catalysts 9874-111, 119A, and
119B; runs 49, 144, 145, respectively).

Table 46 shows the first order :,ate data obtained at various temp-
eratures and LHSV 100 for the reference catalyst (9874-24) and for one of
the better experimental catalysts (9874-200A) at LHSV 50, 100, and 200. Thp
test conditionL were closely controlled-and the average temperatures between
the block and the reactor tube wall have beer- used. The instruments had
just been calibrated. The difference between the two series measurements
did not exceed 45 0 F at the highest conversion, unlike bench scale results
where differential temperatures of -170°F or more are observed. At the
highest temperature employed, the experimental catalyst has about twice the
rate of dehydrogenation at UHSV 100 as the reference catalyst. Figure 34
shows a log k sec- 1 vs l/T plot. The apparent activation energies calculated

fo bre'atll alre 39.3 and 15.2 /Rr;& le, respectivel. The ci2fei-
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Table b ,• l-i MRIMCMNTMO WI.TH ILATINMI ON TYPE 1 -"JP(ITS

cowitiCn'&: JMV - 100. 1 atm presoure, temlper•turwe n' ... ii
block. 0'wher details are in T ~bi 7• o A tL'Appendix

Conversion of ?- to
,Su Vofec) t , "atalyst Toluene,•/g ml/g •" No. 9C74- uNo -

Mi/g lo ~662*F 75OF 82?OF

LV -0.t6 2 lOSA 44 1 31 63 6

-278 -0.4 2 ,1A 7u 4 61 86
-23 -0,45 2 132A .34 518 67 A6
-188 -0-5 2 96 31 3 5 57 74

_165 -..C~4 2 1.52B 81 37 116 8-175 -1.3 • 11 d0 355 73

164b) -o.8 1 rf24 avg of 28 ± 4 52 ±3 , ±711 tests

-10 0.8 1 7 11.1 29 53 77
-2 - 48 30 49 67
-0o hollow 12 116 50 0 0 1

a) Mewurenwi on smple.
b) Measexrmfnt made on support.
c) Estimated from density.
d) Average of 8 anl 13 minute samplt.

1231

a ,.-~ - --

- - - -.. &~ ~
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Table 40. MICH DE}HYDROUENATIOLN HAMEF 0' fh RiFVFIENCE_ AND !MJPW0•V1'

Iudntdonw: IC an prtuiu1urc
Tempera ture rtii _able
LHUV 50. 100, or 200

Cat. No. 9874 U-jSV P,.oci T1a•p, Avg e. . , b)
4T 'Far- Cony Sec- Equilibriunb)

24 (refcrence<c) 100 6t 64# 24 0.W02 8

100 752 7T9 49 0.792 55

100 842 815 68.(S 1.46 69

20QAd) 50 662 649 37 0.256 60

50 752 732 69 L).688 77

50 &w 812 94 1. 7 95

100 662 649 50 0.591 60

100 752 752 65 1.17 70

100 842 812 87 2.5e 88

200 662 649 30 0.781 48

200 752 732 54 1. )1 60

200 E42 817 '10 2.85 71

a) Average of block temperature and lowest temperature measured.
b) ef, APL TDR 64-1oo, Part II, Figure 8, p. 21 (Ref. 2).
c) 1% Pt/R-8 A1-0 3 , Surface Area 180 mu/g.
d) 4% Pt/H151 Al 20 3 , Sua'face Area 350 n'rg.-
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Temperature, OF
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ences between the E values calculated for this data and for the rates ob-
served in the bench scale equipment is undoubtedly due to the different
bed and furnace, arrangements in the two apparatuses.

Various Supported Metals

A number of metals for promoting the activity of platinum on alu-
mina and other supports have been studied. In general the dehydrogenation
activity is only that induced by the platinim metal itself. Small improve-
ments from incorporating a second metal oxide in alumina .uupport (i.e.
catalysts, 188A, 189A, 190A, 19ý-A and l94A; runs 226, 233, 235, 241, and 256).

Most of the single metals or bimetallics on alumina or other sup-
ports ranged from inactive to moderately active. One of the more interesting
metals on alumina gives activities similar to that of platinum although at
higher metal content (i.e.,121A and 121B; runs 156 and 157, respectively).
However, particularly at the higher temperature (842*F) such catalysts form
benzene ae wil !'ene, and al:,b hvdrocarbon fragments (i.e.,CH4 ). An
exothermic reaction develops at the outlet end of the catalyst reactor tube.
This reaction would detract from the total heat sink available. Such a
catalyst was found to deactivate in a relatively short time during the bench
scale test and this is probably a result of coking (cf page 29 , of this
report). This metal on several other supports gives about the same activity
as the reference catalyst, without the aforementioned side reactions (i.e.,
14OA, and 160B, runs 90 and 140, respectively).

A number of nonplatinum bimetallics on alumina are aboe+ Rs active
as the reference catalysts but no means have been found to increase their
activity further.(i.e..,155C, 156A, 157B, and 177A; runs 123, 128, 138, and
187, respectively).

A short study was made of materials which could be used to coat the
surfaces of nonconforming catalyst shapes so that platinum could be replaced
(i.e.,honeycomb structures).a) Sauereisen cement impregnated with platinum
gives an inncatvp catn3yst. On the o et hoern fibuoiS acetate stabilized
alumina (du Pont 'Baymal") is a goodisupport for active catalysts and adheres
well to aluminum oxide honeycomb structures.

Catalysts on Shaped Supports

Pressure drop through packed beds can be reduced by utilizing geo-
metric shapes designed to minimize resistance to flow, This possibility has
been explo:ed briefly by using a du Pont "Torvex"l honeycomb shape as a
catalyst support. It has longitudinal parallel hexagonal cellular passages.
(See upper portion of Figure 35.) The cell size was 1/8" (cross-sectional
area/hole = 0.007 in.'), and the cell walls were 0.03" thick. The overall
open area of the catalyst support was 60%, and the bulk density was about
40 lbs/ft3 (d = 0.64). This configuration provides a geometric surface area
of 384 ft 2 per cubic foot, with a surface roughness of ca 100 microns.

A catalyst consisting of a coating of Baymal on the mullite honey-

a) De•liuble Lo minimize pressure drop at high space velouiy an-d I•nCH
conversion.
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Figure 35. LOW-PRESSURE DROP CATALYST SUPPORTS
Upper: Straight, Parallel Cells

Lower: Ciossflow Cells (Approx 450)
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comb support and impregnated with platinum to give 0.8%w was tested in a 5/8"
ID tube at 18, 50, and 100 LHSV. Resi)lts for these tests are shown in
Table 1ý7. Typical conversions with a standard laboratory catalyst are also
shown for comparison.

Table 47. DEHYDROGENATION OF MCH OVER SHAPED SUPPORT

Nonconventional Catalyst #9874-145

Run No.: 10100-) 89
Pressure: 10 atm
Block Temp: 10220F
Reaction Time: 10 min each condition
Apparatus: Bench-scale Reactor

LsV = 18 50 100

P2;auc, Aia lysis, %w
Cracked 1.7 1.9 0.1 Trace
MCH 23.2 23.9 54.3 66.3
Benzene 0.5 0.7 0.1 Trace
Toluene 74.6 73.5 45.5 33.7

MCH Conversior, %w a) 76.8 76.1 45.7 35.7
Conversion with Pellet Cat., %W - - 97.0 78.0

a) Standard laboratory catalyst = lw Pt on A1203 ; 1/16"
pellets in an annular bed.

These lists show moderate conversions for the shaped catalysts, but
less than with the pellet catalyst. The two catalysts were not tested under
strictly comparable conditions, however, since the heat transfer path for the
shaped catalyst was of the order of 10 times the distance of that in the pel-
let bed. Thus, the temperature near the center of the shaped catalyz+t -ight
have been comparatively cold. The true surface area of the honeycomb catalyst
was not determined.

The catalyst support shown in the bottom half of Figure 52 will be
tried next, and this configuration should be more effective since the cell
passages follow a zig-zag pattern from wall-to-wall which will improve the
heat transfcr. Further tests are planned to evaluate other configurations,
and on a comparable tube diameter basis with the packed bed.

Nonconventional Catalyst Systems: Homogeneous Catalysis

Excellent conversions have been obtained on the dehydrogeriation of
MCH and other naphthenes over packed beds of solid catalysts. However, the
use of packed beds can result in high pressure drops at high gas velocities.
Although considerable improvements can be made by suitable selection of tube
diameter and certain catalyst shapes, the problems of pressure drop, catalyst
handling, and catalyst rejuvenation are always present.

Despite the difficulties associated with solid bed catalysts.
alternative schemes are not simnle. and no p roven ones are available. How-
ever, one possible approach we have suggested is to use a "throw-away" catal-
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yet in the form of an organometallic compound. Such a catalyst s1.u±ld best
be fuel-soluble and stable in c- t-perature fuel environme'r÷. The _ffec-
tive catalyst agent might be the organometalli _ _ i-uself, but con-
sidering the temperatures required for high equilibrium conversion, would
generally be a decompusition product, i.e., the finely dispersed metal or
metal oxide.

Although we know of no literature precedence for dehydrogenation by
homogeneous catalysis, the approach offers sufficient advantages to warrant
investigation.

Til first question to be answered was whether organometallic
compounds could be found having dehydrogenation properties. To determine
this, a small autoclave screening test has been set up. The autoclave is of
a simple stainless construction, about 200 ml liquid capacity, and equipped
with a Magna-dash stirrer. The maximum operating temperature was at first
limited to 900"F due to the use of an aluminum heat transfer block.
Temperature is controlled by a WEST Guardsman Indicating Pyrometric Controller,
which is a t~per or proportional type.

The method of test has been to place liquid MCH and lWa) catalyst
in the autoclave, which is then tightly sealed. Oxygen i6 then removed by
seven repeated pressurings with helium to 200 psig. The pressure is then
reduced to atmospheric, the valve is closed, and the Magna-dash and heater
are turned on. The average heating rate to 900°F is about 3°F/min. Upon
reaching 900OF the temperature is leveled out and held steady for some
convenient length of time, usually under three hours.

Pressure and temperature are read versus time. The plot of P vs T
is compared with a reference plot obtained with the same amount of MCH and
no catalyst (see Figure 36). A fixed amount of MCH is charged each time.
The amount selected, 7.41 g, was calculated to give about 150 psig pressure
at 900°F when no 5Zi&Lon has occurred. Since a nonreactive run shows a
vaporization curve followed by a nearly perfect gas law expansion line,
moderate amounts of reaction can readily be observed by deviation from the
reference pressure.-temperature curve during the run. However, absolute
conversions are determined by GLO analysis of the reaction products-

Table 48 shows the results with 19 orgaznometa2lic catalysts which
have been tried thus far. For comparison, an additional run was made using
R-8 Pt/A1203 catalyst of the type used in the other laboratory :jenrJrogena-
tion studies. A small amount of reaction occurs, of course, u.th no iatal-
yst, as shown.

Althoagh none of the organometallics showed large conversions, most
did give some dehydrogenation reaction activity. LR-8527-92 gave the
greatest conversion to toluene (1.8%) and the largest total conversion (4.0%).
The catalyst compounds, except ferrocene, were decomposed during the test.

a) Basis weight of metallic element and McH charged.
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While ,.he r•autii. arse rinct very Impressive, there is a, least er-
couragament to continue thv nlvestigation. A number of other co'-pounde are
oz hand and are being tested; higher t emperature.3 will be explred; and the
effect of the prese,-' cf oxygen will be examined.

Table 46~. 'H0GEFFOU_` CIATAIASIS: DEHYDROGEMkTION1 011 MCII I
ti. Lill ti OWYAhi(7 COtIFOUNIX3

,,teady•,t, aLe Temp - ca 900'F

Organometal~ic Composition of Products,

Cotalde t -, Methyl Cyclo- Lightb)
Code Number Toluene Eenzeiie Hexadiene Products Total

LR 8527-87 0.1 - 0.1 0.2 o.4
-88 0.1 - 0.1 0.4 0.6
-89 0.3 0.1 0.5 0.2 1.1
-92 1.8 - 0.5 1.7 4.0
-93 0.5 0.2 0.2 0.5 1.2
-96 1.1 Trace 0.9 0.4 2.4
-97 0.5 - 0.7 0.5 1.7
-98 1.3 0.1 0.5 0.2 2.1

-100 0.4t Trace 0.7 0.2 1.5
-101 0.1 - 3.0 0.6 3.7
-102 0.1 - 0.6 0.2 0.9
-103 0.1 - 0.1 0.2 0.4
-104 0.1 - 0.3 0.2 o.6
-105 0.1 - 0.2 0.2 0.5
-106 0.1 - 0.3 0.2 0.6
-107 0.1 - 0.1 0.2 0.4
-108 0.4 o.4 0.1 0.2 1.1
-109 0.4 0.1 0.4 0.5 1.4
-110 0.1 Trace 0.1 0.2 o.4

None 0.1 Trace 0.! 0.2 o.4
R-8 Pt/Al.O.. 41 - 0.5 9

a) Organometallic compounds ad'ed in an amount to give 1. metal,
basis weight of MCH charged.

b) Light pi-oducts were unidentified, i~r• were Lower oirl wt than MCH.
c) Wbere catalyst ligands obviously contributea tc the products, the

theoretical amounts of these ligand products have been substrac-
ted from the totals determined by GLC analysis.
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Thernmal Stabtity

Effect of Ox•gen Concentration .n the Therrml 'tability of Naphtheres

" "LtS LZUI M hfl~ S U --. ± J Cj_-ý "Y 41 I

be under control, we anticipate that higher speed jet aircraft ) will bring
,61 th them a new round of fuel stabil.ty problems. Moreover, whenever cooli.ng
cemmands tecomec such "S to require endothermic fuels, we may assume that every

p-.4 ibi 4- n11 be rtecccw-,to - -e h er-eteml itabil1i yv Ponr'ii
tlons of t cir use. This will ental considerat on not oily of the proper-
ties of thb major fuel hydrocarbon.- t.1wielves, but also of trace components,
(ontaMl.na ts. and dissolved oxygen.

The role of oxygen in fuel thermal degradation has certainly been
widely recogrizec, `) and various investigators have reported its effect on
the thernal stability of jet fuels .24-2$) However, work with specific pure
hydrocarbons, at high temperatures, and particularly at. dissolved oxygen
contents extending below 1 ppm appears not to have been done.

We have consequently studied two naphthenes, methylcyclohexane and
decalin, as well as a high naphthene content jet f:uel, under conditions where
dissolved oxygen concentrations ranged from air saturation down to the ppb
level. (Properties for these fuels are shown in Table 49.)

Tie tests were made using the SD Coker, which we have previously
described.) 3)24)

For fuels and operating conditions such as used in the present
work, vaporization usually takes place in the preheater, the vapor then
passes through the filter (usually without significant pressure drop), cools
and condenses in a water-cooled heat exchanger, and finally passes through
a Grove pressure regulator and back into the glass reservoir for recycle.
The SD Coker was operated at temperatures up to 900'F, usually at 250 psig.
Preheater tube ratings were judged in an Eppi tuberator, using an extended
color code scale (8 max) for each inch of tube. The maximum rating is the
greatest value observed at any area on the tube, while the total rating is
the sum of all 13 areas. In some instances we present tht total as well as
the maximuw. ratings. We have now built and are testing a calorimeter by
means of which we hope to replace these arbitrary color ratings with heat
II C1IOX W. t-CtEMCan & c

To vary the dissolved oxygen content of the test fuels, several gas
supplies of fixed and known oxygen concentration were previously prepared by
suitable partial pressure blending of pure oxygen and nitrogen in standard
ritrogen cylinders. Accurate 02 concentration measurements vere then made
chror.atographically.

Prior to beginning a run, the fuel was thoroughly sparged with the
proper equilibrating gas. Siimultaneously, the coker was flushed for at least
an hour with a large flow of nitrogen. Since the SD coker was used. in a fuel
recycle mode, dissolved oxygen was continuously diminished b, reaction in the
test section, but was resaturated by gas sparging in the fuel reservoir.
Saturation was ensured by following the dissolved 02 content of the fruL
effluent from the reservoir while increasing the sparge gas flow until the
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dissolved oxygen concentration no longer increased with fu.-ther increase in
gas flow rate, After the run was started and the test sections had reached
the.-mal equilibrium, the reservoir oxygen content was again checked, and the
sparge gas flow firther increased, if required, to maintain equlliDriu.m dis--)W... ge.... conncentration.

Where dissolved oxygen levels below 100 ppb were desired 1, helitLm
was used as tie sparge gas (02 ca 6 ppm). Dissolved oxygen deterirdnati1ns

described in a previous report. 0 ' Althou.;h base line stability becomes
limiting at high sensitivity, diesolved oxygen detection at concentrations
below 50 ppb were found possible with 1 ml liquid samples. Readout was on a
1 mv recorder, and peak areas were deter.nined by integrator count or by
planinveter, although we favor the latter method for bette- precision at low
oxygen levels. Oxygen was easily resolved from nitrogen s.Lnce the ratio of
emergence timeF was about N2 /0 2 - 3.

To make a dissolved oxygen determination, a liquid hydrocarborn
sample of up to 1 ml was injected into a Vigreux column, where helium carrier
gas quickly removed the air from the liquid.

Calibration of the analyzer was accompliU.hed by using 1-10 ill samples
of hydrocarbon of known dissolved oxygen content. Such standard solutions
were obtained by saturating liquid samples at a known temperature.

A minor problem was the danger of contamination with air in sampling
and transferring. Even the tip of the hypodermic needle could not be allowed
to come in contact with air, particularly when neasuring dissolved oxygen
concentrations belc, 1 ppm.

In the f" lures presented in this section the preheater code ratings
re - gent averafed values of two or more replicate determinations per set of
co, -- .ons. Repeatability of coker ratingc was generally withLin +l for max-
imum code, and to within t5 for total ratings.

Dissolved oxygen determinations were repeatable to within 5% above
1 ppm. At lower levels the error was greater, partly because of the great
difficulty of avoiding adventitiox'- contamination on sampling.

in dcc-4r17 th. alffe .ofI Gxy-e epOSIJ. tUj!t::1iety, ti Leries

of' runs was made at a selected set of conditio..s, with various oxygen con-
tents. Fiurs 3 and _8 are typical of the type of data that were obtained.

Fiue 37 showa that at 2221F MCH is most r( a;orsive to 02 in the range from
Sto 4 ppm, becoming less so at higher values. The code ratings at 16.3 ppm

is uncertain since the color was darker than 8, the upper lim!it of the scale.
Also the possibility exists that the curve should sweep -'harply upward at
about 3 ppm, since we have insuffteient data to know whetuer the point at 3.1
ppm is high oV the point at 4.4 i5 low. However, with coker ratings at low
02 contents it is easier to err towards higher i-atings.

4ý In F-ZgjIn we see that the thermal stability of decalin, at 550°F,
remains constant over the entire range ot 15 to 300 ppm oxygen, which corres-
ponds to equilibration with gasies of increasing oxygen-content-in-N2 from 5%
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to 100%. Below 1.5 ppm, improvement in thermal itability is marked, but tends
to level out towards 1 ppm. A critical concentration region exists between
14 uwn 14 ppm.

FAg&-e 32 shows th"m large temperature gradient effect oada;fU'
when the dissolved c=xygen (content is onlY o.6 ppm.

With good control of oiqmen concentration, pure hydrocarbons demon-
strotc shrp a-prit -tmpeatue brakpint Ths I ilustate bythe

beairof MH, shown in fj~uire 40,for two oxzygen corcentrations. Thoa
breakpoznt for MHI is increased from 325 to 5000 F by reducing the dissolved
02 content from 80 to 3 ppm. The divergent slope-s of the curves dewrnstrate
the fact that oxyrgen content becomes increasingly important as the tempera-
ture rises, At and below the temperature of the air-.saturation brekkpoint

(.25F, 80 ppira), oxygen concentration iv, of little importance. It would
appear from thids, that there would be little to be gained from controlling 02
content, during flight, with subsonic jets; but with supersonic and, partic-
ularly, with ijypersonic aircraft, handsome Jividends would ensue from
rigorous removal of 02 from the fuel prior to takeoff.

In Fiýjr 41 a sliul lr rip-e bre-17-irý iz, 0 ..... £~or Dcailn, even
at air saturation conditionis. This is a temperature effect; the previous
breakpoint shown (Figure 38) for Decalin was at constant temperature and was
due to oxygen roncerlntrtti on change.

In contrast to these sharp breakpoinits the naphthenic jet fuel
displays a gradual change in deposit tendency with temperature (Pirgre 42),
which mry be characteristic. of hydrocarbon -ixtures. This broader breakpoint
may be related to the existence of a spectrum cf reaction rates and mechan-
imma.Differences in sharpness of breakpoint have also been nioted by

From -the table below we can see that Decalin can be increased in
thermral stability by as much as 200'F by reducing the dissolved 02, level fromu
64* down to 0.6 ppm. The improvement found for MOCi was 175*F, and with the
jet fuel, about 275 0F, with the ultimate effect no-L yet in hand.

Dissolved (hygen,, nrm 'l'.z;- Breý1-0o4nt, F~
Fuel

11igh L40V A High LOW 4S

MCH 80 3 77 525 500 175
Decalin 64 0.6 65.4 500 700 200
Jet Fuel 40 0*L4 39.6 500 7175 275

As exposure to temperature is increased, the level to which 02 may
have to be redaced ie indcatd byM-O tI e uvesshwn in foal
three fuels. The response of the naphthenie. jet fuel, although uncertain in
the interval 500-725oF, shows in~creacing thermal stability with decreasing
Og content up to the lowest level tested. At higher 02 co~ntents, its
stability falls tl.Iow that of dt-calin. Mass spectrometric analysis of the
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jet fu,] rev-ealed that it conta.: a broAd spectrum of 1., t % and 4-rlrg
-y' 1.,'. Phe Qoassble si nificance 04' this on Its behavio: is discussed

below,

It is Interesti'.ig to consider the effect of oxygen concentration in

the light of our previous efforts to tie t.he deposit forming renrtion to the
initial -eaction of oxygen with ydrocarbons. If the iritial reaction is

ausumed t,, be the 'n-traction of a free rma-ical with a dissolved oxygen

molecule, leading to the Cor istion of a chip propagating peroxi0e, the

dissappearance of 02 may be represented b 2 3 )

dat + (kU I JR) (10t

vhere (Rh) is the hydrocarbon concentration, (ROOH) is the corcentration of
peroxide fored, P0 2 Is the paatial pressreo ogeor, and k and k' are em-
pirical ccnstants. Under our conditions. (RH) is substantia]Ny constant for
each hydrocarbon and will be alpproximately 7.8 for MCH, 6.5 for decalin and
about 4.5 for the jet fiel (m4.

Under high oxygen concentrations the partial pressure of oxygen

could be large, and the rate expression would tend to approach:

Rate = ka '(RH) (ROOM) (5)

Rate a ka ' ' (ROOK) (5a)

being proportional to the peroxide concentration for any particular hkydro-
carbon. On the other hand aL very low oxygen concentrations the expression
would aplroach:

Rate k '' (ROOH) P0 2  (6)

If the assumption we made regarding the role of the initial oxidation reac-

tions is valid, then the results we have obtainea are in general agreement

with this thesis. For instance, at high concentrations of oxyTgen the tendency
to form deposits appears to be independent of 0

2 partial pressures (following'

Eq, 5a), 'hile as the o.,xgen content is lowered, the rate (or deposit tend-
ency) decreases (following Eq. 6 ý i.e., giving higher T2.s values. Also,

rates would be expected to decrease with increasings molecular weight frr
smilar to p compounds since they have lower molar concentrations. Tendency
to form peroxides would be very important, also.

The failure of decalin to follow the expected behavior below 3 ppm

suggests that another mechanism, independent of oxygen content, is coming
into play. Wqhy this should be true for decalin at this particular oxygen

Loncentration, but not true for the jet fuel, can only be conjectured at the

present time. It is remarkable that the naphthenic Jet fuel proved to be

more stable than decalin at low oxygen concentrations, since the jet fuel

undoubtedly contains C-, . as well A Q Cc-ri•g,, naphthenee. The C. -ri .. have

been indicated to be less stable than the _ _under conditions where sue-
stantial amounts of oxygen are present I"), This may not be true under
low oxygen conditions. It may be that each compound has a characteristic
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tepe-rtture at whic t becomes indifferent to decreasing oxygen content, a8
suggqested by the behavior of decalin. When the fuel consists of a large
number of con•o•unds, as does tc jet fuel, thle threshold temperature 'will
gradually rise with decreasing 02 as s,,ccessive cxIpounds abandon their
dependence on oxygen concentration, In this case, it would be expected that
at still lower uxýyen levelR the jet fuel would also become indifferent to
changes in this parameter. It might also be expectoed that the prcoportion of
oxygen in the deposits would decrease. Another expectat-on would be that
conparable behavior could be achieved by a ndxture of pure -mponents. 3oth
of 1thsm expectations will be tested in future work. it will he interesting
to observe if sucuh Pi: ares display synerg'.

We have previously reported the effect of structure on the thermal
stability of a wide variety of compounds.3 )24 It was found that naphthenes
are generally more stable than aromatics or paraffins of comparable mi!
weight and that thermal stability increases with carbon n',,PbCr (Rnd so also
with molecular weight and with boiling point). T- , eater stability of
naplhtheues over aromatics is sirr.sin, and 4L wili be relevant to determine
if tAiS persxsts Ut ve-ry low 02 concentrations. In the ultimate utilization
of naphthenic fuels ior endothermic cocling of high speed aircraft the
naphthenes will be catalytically dehydrogenated to aromatics (and 1i2).

Under these conditions, the oxygen concentration will be vaaishingly small.
Results obtained with the CAFSTR (see below) should evaluate the thermal
stability of such mixtures under more realistic conditions.

The thermal stability of naphthenes is strongly dependent on oxygen
concentration, being inde'•endent at high levels, improving with decreasing
content at intermediate levels (1-10 ppm) and then indifferent again at low
levels.

ComaplLte removal of oxygen increases the tnermal stability break.
point by about 2000 F.

At constant 02, thermal stability increases with molecular weight
and perhaps with mixture complexity.

Naphthenes are generally more stable than aromatics or paraffins
of comparable molecular weight.

Dissolved oxygen conteni, which has been perhaps of little ira-
po~rtaxwe. to thl-"rmal 61t%'UliiiL.w tI~t s;11u)onorle,-, vill have -to' be rigzaiLy
controlled to a level below 1.0 ppm in fuels for future hypersonic aircraft.
This procedure may also bh bereficial with supersonic aircraft.

Thrma] Stebility of Reaction Products

Preliminar-- Tests

F•el stability problems of endothermic jet fuels involve more than
merely properties of the tank fuels, Where heat sink capacity is abetted by
endothermic reactions (e.g., dehydrogenation), the characteristics of the
reaction products muit also be considered. Moreover, interactions between
catalyst and fuel systems may produce integrated effects zot discernible
from the separate properties of either. For example, fuel composition
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changes or admixture of chemicals for the purpose of improving fuel thermal
stability can have seriously harmful effects on catalyst life and reactivity.
In reverse, variations in catalyst properties might seriously im-pair thermel
stability of reaction,, products.

As a first step in the assessment of reaction product thermal
stabilities we looked at SD coker ratings of s, veral pure ar-ocatic hydro-
carbons, aE shown for vcanvle in Figure 8 of reference 24 and as discussed
in previous reports.')

2 )3 )

In a second step, SD coker tests at 675*F were made on thermal
reaction products taken from FSSIR runs with F-71 jet fuel (properties shown
in Table 50). Coker data for runs at three different sets of FSSTR operat-ng
conditions are shown in Table 51. Results of these tests show satisfactory
thermal stability of F-71 product- exposed to F&SST temperatures up to ca
1000'F fluid. However, product material from tlhe 1200°F maximum fluid
temperature run gave the heaviest deposits ever observed here in a coker test.
Moreover, most of this deposit material was hard and unwipable, as shown by
the ratings in Table 51. These tests were conducted at a standard dissolved
oxygen level of" C 05-0.50 ppm. Higher oxygen concentrations would probably
have resulted in even poorer thermal stability ratings.

CataL,.st and Fuel Svstem Test Rig (CXFSUR) Design

To be adequate, an evaluation test for endother.rit fuel thernal
stabilit-y must permit examination of the reaction T prdunts under actual ex-
changer conditions and with minimum time lapse. Conventional fuel cokers are
inadequate for this purpose, since reaction products, on sampling and cooling,
may further react to form condensation products of decreased thermal stabil-
ity. Conventional coker results are also suspect with respect to evaluating
reaction products at meandngful conditions of reaction and use.

To meet these peculiar requirements, a Catalyst and Fuel System
Test Rig (called the CAFSTR) has been designed and built. The equipment
schematic is shown in Figure 44 and the completed unit photograph in
Figureý 4

Fuel flowing at a design rate of three pounds per hour is heated in
a series of three annular heat exchanrers. then passed through a tube reector1
and the pi-oduct effluent further heated to a final temperature of upwards to
1300F. Design operating pressure is to 1500 psig.

Each heat exchanger has a specific function and may be operated
within closely defined liquid temperature ranges. Beginring with E± (see
Figure 44), the first exchanger may be limited to sensible liquid beat trans-
fer only. If the operating pressure is sufficientlv low for boiling to
occur, E2 becomes a vaporizer and will convert all liquid to vapor. At low
pressure, E3 sees only vapor which it will heat to the predetermined reaction
tanmpbrntulrP V. then he ats the prduct fl-Jd ft= '- sanUk -ui Igt
temperature limdted by thermal stability. The reactor may be operated either
ther-.ally or catalyt'cally and consists of a simple straight tube, heated
in an electric furnace.
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Properties F--71

Gravity, °API a& 60"F 50.7
Specific Gravity, 60/60 0.777
A-TM Distillation, F

IBý 40o

50 420

E.P. 543

Recovery, %v 98.5
Residue, . 1.5

Vapor Pressure, psia
300OF 2.6
500°F 44.0

Flash Point, OF, P.M.C.C. 180
Freezing Point, °F -51
Color, Saybolt 30+
Kinematic Viscosity at -30'F, cu 13.6
Aniline Cloud Point, °F 185
A.niline Gravity Constant 9805
Sulfur, %w 0,003
Mercaptan Sulfur, %, 0.0001
Cu Strip Corrosion at 212*F IB
Luminometer 104
Guin, Existent (Steam Jet), mg!C0O ml 1
Heat of Combustion, BM/16 (Net) 18,9529
Water Separometer Index (Modified) 100
Thermal Stability, CFR Research Coker
(650/650'F, 250 psig)

Pressure Drop, in. Hg 0.2
;-ýjheater Deposit Ratilig (as is/wiped) e/i

Hydrocarbon Analysis, %v
Paraffins 82.9

Naphthene s 10.6
Olefins 5.1
Aromatics 1.4

Thermal Stability, SD Coker, 450/500-F, 5 hr,
Preheater Deposit (MaximusnTotal Rating) 1.5/16
Pressure Drop, in. Hg 0
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TABL• 51
SD COKER PMTINGS OF F-71 JET FUEL THL•tbL

R0EATION PRODUCTS FROM TE FSSTR

Preheater conditions: 611,'F. 9SO
psig; dissolved oxygen content,
0.45-0.50 ppm

FSSTr Operating 0onditiona SD Coker Preheater,
Rating, MMix/Total

Mhx Fluid Pressure, Space Vek zity,
Temp, °F psig UiSV Aiped Unwiped

855 890 398 0.5/ 1 /7
1076 766 256 0/ 0 2 /7
S 1200 770 255 7 /74..5 8.5/87.5

Following the product heat exchanger, E-4, the fluid passes through
an orifice to simulate a fuel nozzle. Pressure drop across this unit is de-
tected by a Foxboro d/p cell and read out on a recorder.

Direct helium irive is used to establish fuel pressure while fuel
flow is controlled by a needle valve-operated Foxboro pneumatic controller.
A five-gallon stainless steel, unheated cylinder is used for the fuel supply
reservoir. System pressure is controlled by the helium drive presurt
regulator.

Tenperature control of each preheater is by thermocouple in the
effluent fluid temperature of eacn particular unit. Temperatures of the heat
transfer surface and of the liquid adjat.cnt to it are measured at inlet and
outlet points of each preheater, and Lurface temperatures, every three inches
along the reactor. Static pressures are read at a point upstream of pre-
heater E-1 and downstream of the test orifice.

F),,t-er design details may be found in the Appendix of this report.

Tentatively, the test length has been set at about four hours, but
this may be varied if desired.

Evaluation procedures for the tests likewise have not been final-
ized. Howevei•, 'Ie following kinds of data are being obtained directly from
the CAFSTR.

A. At steady-state test conditions,

1. Pressure drop across the combined neat exchangers and reactor
is notes. '.f this item proves to be significant, instrumentation for nP
measurements across individual units may later be installed.

2. Fluid and heat transfer surface temperatures are recorded, and
any changes in Z)T which reflect change in heat transfer coefficient are noted.
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5. Total rate of power input to eanh unit is controt I•e n
recorded. For canpnrultivc .uel test .,C, the!".. rate,1 are pre--esti.ntod an-I
preset, based upon the operating preseure and the desire(, telpcrature profile.

4. Clhuuges in pressure .4rop across the test or ifice are also con-
tinuously recorded. The site o!' tnc orifice has :)eehi lef at .0' "n' heu.
but w-ill requi- aiciitioal exp-ric.... before a final selection can be :-Zde.1
Changes in AF may refleot eithccr deposit formation or cianges in conversion.

5 . The temperatne profile of the reactor wall is ýbserved to in-
dicate loss in oatalyst activit. with tl'mt.

t. Periodic 6wlnples of the product gcs and liquid effluent are
taken and liquid sampces are tested for refractive index. Both liquid and
gas are analyzed for ciunpositioiý bj GLC. A continuou-s material balance on
liquid and gaseous product is available since gaseous products are measured
continuously through a wft test meter. Hence. catalyst life and change in
selectivity can be observed over the time of tesG.

!3. At conclusion of the test,

1. The inner tube of each herit exchanger is removed tron the CAFSTR
for inspection and rating. Although semi-qunti tative visual ratinis based
on ASIM color codes have been made, construction of a calorimeter is mow com-
plete where heat transfer coefficients can be measured. If significant

ehl4dh L;iu!,- ..- fa ý temperat uie difflnrece are observed durig
the actual CAFSTR test, this data may also be used. Detailed discussion of
the calorinet_.' tuberatcr is given below.

2. The reactor tube is opened for inspection. Carbon deposits or
other physical effects can be observed.

5. The orifice is inspected for deposit formation. If appreciatle,
such deposits can be measured gravimetrically since the orifice plate is
small.

CAFSTR Testing

The CAFSTR has been completed, debugged, and is operatini• according
t6 de~lgii. OT1lv minor prozrlem~s re-J-rin simple adj-uzti-ents v,'re ~~o~Lr

Preliminary runs 'were made on two fuels (F-7' let Fuel and MCH) at
1000 psig, at temperatures up to 1200'F (metal surface .emperatu.>e), at both
3 and 6 lb/hr flow rate, and with anoa without R-8 platinum on alumina
catalyst.

All runs were 4 hours duration and were made at a calculated dis-
solved oxygen lt-el of a few parts per billion (ppb) obtained by sparging
with helium of less than 10 ppm 0,2 content while the reservoir up.w pllpA
under 23 in. Hg vacuum.

In the first two runs with F-71 jet fýuel, at 3 lb/hIr flow and 446
and 500`F ma;dimun temperatures in all heat exchangers (without catalys•t) the
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product Ouel became amber in color, but no deposits were formed on arny of
the p-eheate.r ubes. I

On further teeting, F-71 jet fuel gave no visible deposits a4 temp.- |
.ratuMS up ýo a tube surfa-e Leripera-bure of 950ýF. No catalyst was charged
with this fuel.

With MCH at 5 .i./hr flow, heavy carbonaceoue deposits occurred in
tile tthird Rp atcr "h-or- sr'-face temp-eratLames af U04 to ii]2i'F and luid

t•e•peratures of 1rz ' to 1092"F were reached. Some streaks of carbon appeared
at lO24°F/972OF (surface/fluid). However, a 6-lb/hr run at 10124°F/972'•'
gave a virtualLy clean surface.

In preheater No. 1 and No. 2, no distinct effect of flow rate was
r-en. Dlack-brown color appeered on pr,4heater tube No. 2 when surface temp-
eratures ranged from 651 to 7,23F, but whether this color crigirated entirelJ
from a deposic film or in part from the tube surface itself could not be
determined. A similar, but much lighter, color .a.s observed at siurace temp-
eratures of .592 to 419F in No. 1 preheater. Changes in XT (metal-fluid) were
observed in some instances, but further experience will be necessary to know
whether these differences were sign-ificant.

Freheater No. 4, wihich follo•.s the reactce, was exposed to stirface
temperatures in the range of 1150-1200F and products containing up to 43 nrl
percent toluene plus snall aeaunts of cracked hydrocarbors. No deposit forma-
tion occurred; the light yellow colors observed were. appsrently due to the
metal,

,hcý questiorn of how to rate the preihater tubes must, now be an-
owered, since visual ratings with the Eppi Tuberator are far less meaningful
than before. At kigh temperatures, the pritsence of a blue coloration of the
tube metal., plus some sh des of yellow ane tan which may also be the .etal
itself (Inconel 600), wtke the visual evaluation of thermal stability both
difficult and uncertain.

An experiment was run on the CAFSTR in an attempt to clarify the
meanings of the colors observed, since the tubes often appearee clean despite
coloration. In this rti the CAYSTR was operated with helium only, at a flow
low enough to provide negligible heat transfer to the gas, but sufficient to

.... ..... pzzen~e of aiu. Rtulib oC Oi6 tesi Rre su-n!arizea n +•
following chart. Evidently, with the situation shown here, color c.de ratings
are meaningless, and visual ratings of any sort are quite unreliable. More-
over, the "helium" colors cannct be assumed to be the colors which would occur
with a. nondegrading hydrocarbon, so that in the F-71 and M!H runs which were

made it is impossitle to know Whether the colors observed were due to purely
temperature effects on the metal, interaction effests between the fuel and the
metal, or to thin deposits formed from the fuel.
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CAFSTR IHEAT EXCHANGER TUBE COILRATION DUE TO TAPERATUIRE
IN HELIUM ) ENVIRONMENT

Preheater Skin TLnp, Tube Color Descrlptlon Color
No. 'F Code

1 327 Very light jellow 1.5

2 545 Tan 5.0
93J1 Assorted colors = cýpper-pInk, light and

dark grey, dull tlue, and dull blue-pink 5.0-3.5
4 97 Light copper tan with soft light grey

overlay

a) Helium contained <J0 ppm 02.

Calorimetri c Tuberator

There has been a long-recognized deficiency.. in the rating of coker
tuLes by assignment of an arbitrary color code number using the Eppi
Tuberator. Althougb coker fuel "break points" Iave shown remarkably good
agreement with the minex heat exchanger test, 3 0 the following weakncoses
in color-code ratings have been recognized:

1) Deposit colors often do not match any of the standard code
colors, and are, at best, subject to operator interpretation and hence, large
error.

2) Deposit color is not necessarily a measure of deposit thick-
ness or of its resistance to heat flow.

A,) At high temperatures (particularly with metals other than
aluminum) the tubes themselves may display a wide variety of colors due to
oxide, sulfide, or other metal reaction product films.

4) Code ratings do not reflect the total area covered by deposits,
but rather the maximum color density within an area.

Desirable features of a tube deposit rating test would include:

1) Repeatability and sensitivity
2) Simplicity and speed
34) MieaningfuL~ness.

Thub, orne might wish to rate tube deposits in rnenz5 of heat-transfer
coefficients, which not only provide relative values but also would find
direct usefulness in design work. Unfortunatel•y, even heat-transfer coeffi-
cient measurement is a function of temperature, flow velocity, and system
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affect nL'Ut--tranifer rates.

Our uqncerr w:-.- this probtem tass led us; to a direct calorirmetrii-

approah. The tq-paxa1us, now nesrIr4-g Csi',eL. 1. cur j._.S 4ev) Snsi, ts'

S....P Wr . .... .. . • ask s,-

to above the riatenaene ii, water, an the top o f the flas-k c losd by a
splt ;:tvof.m s-topper. Te-:mce-ýuple and power J.eeas enter through tight-l•y'

fittinghc Tet.ppe, wered te e e a

One thoermnocouple, welded to the inside of the preheater tube shell,
will be used to control constant metal tem-perature by use of a Berber-
Colma... controller, wdilt a second thermocouple opposite the firsL in the
liquid gives the witer temperature, wich will be read out on a Honeywell
strip recorder. Power to the preheater tube wi 11 be supplied through a SOLA
constant voltage regulator and a variac.

As planned, the test will consist of lioldinL the tube shell at a
constant temoerature of about 2000 F and measuring the time elapsed while
heating the stirred water (ca 2 quarts) from about 70 to 170 ' F. Average
overall heat transfer coefficients will be calculable, but the time
measurement is expected to be more sensitive for relative ratings. Therefore,
it is proposed to definie the deposit rating as,

Time elapsed with dirts tube X 100.
Time elapsed with clew: tube

In this way, ratings above 100 will represent loss in heat transfer due to
the deposits. Time of the test is expected to be of the order of 3600
ieconds. Calculation, indicate an expected lower limit of deposit thickness
detection of about 0.0002 in. Evaluation tests on clean tubes will be mode
first, followed by tests on tubes coated with aerosol sprayed lacquers. 'Alf

*A

F uel System Simulation Test Rig :

The Fuel System Simulation Test Rig (FSSTR) has been desc rbed in
detail in the three annual reports associated with the preceding cr,. ,ract on
+.... ... .t,• , ,2 3 tit-r•,efore n r " "~pitf~ n4 0 1" r * . . • "' •... . ..,aau~ 31

here. However, a flow scheme is repeated as Figure 47 for conven:..ence.

During the past year five different studies have been conduc-.ad in 4,

the FSSTR. These tests, which are reported here, were carried out in the
following sequence: .. ,

Thermal Cracking of Fuel F-71,
Catalytic Dehydrogenation of MCH in 3/4" Reactor
Thermal Cracking of Propane
Catalytic Delhdrogenatior -f Propane
High Heat Flux Study' (in progress)
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!o romod'ficaLic - to the unit were made prior to the first of these tests.
Tihlere were changes rwne during subsequent operations, however, which ,re
described later in the appropriate see-tions,

Thermal Cracking of Fuel F-

The program of tests foi- study-ing the thermal reaction of fhe highWy
paraff-nic Jet fuel F-7i (see Table ý and T of this report for
characteristlc:, -f this fuel) has been completed. The range of variables
covered during these tests s outlined i..r-Ta

I{ables pi lsetr the operating data sumary and product
recovery, and analytical data for bhe previously unreported tests. Previous
work on this system was ceuvered "n Tables 7- and 74 of Reference 3. No
farther work using this fuel is presently" anticipated.

Inspection of the product distribution data of Table 54 clearly,
shows that increasing pressure and decreasing flow rete, both tending toa t"
-increase residence time, result in cracking larger fractions of the feed to
gaseous products. However, it is also apparent that, over the ranges studied,
these variables have only minor effect on total heat sink availubilit• at a
given fluid temperature. As illustrated in Figure 48 changiag LHSVa) from
360 to 139 incieased the heat sink by <10%. Pressure variation (from 500 to
90 psig) had even less effect. Heat-transfer coefficients did not show arn
unexpected characteristics, varying from about 85 to 450 Btu/hr/sq ft/iF.

The change in reaction with temperature and flow rate is shown in
Figure l49wherethe gas produced and change in paraffin content of the product
liquid is presented as a function of temperature at the thlree space veloci-
ties tested. This indicates that the maximum conversion of the original feed
material is about 60% at the highest temperature empl-yed.

Coke formatio- esulted in very erratic operationi during the 900
psig, 1200'F runs at both 560 and 130 UISV. It appeared that, periodically,
coke particles would partially plug the pressure control valve and then break
free when the ,alve would open to maintain the set pressure. This resulted
in fluctufting pressure and flow which in turn caused temperature cycling.
During the oreviously reported tests, operation had been satisfactory at
1200F at 750 psig and 255 LUSV but serious coke formation occurred at 1248*F.
Thus, while we have been unable to determine any loss in heat-transfer coeffi-
cient rp.ll+in+ fP=J-4h . .•-^ " l .. it wuuld appear tha" a .... stic upper
limi4 of ca ll50OF resulting in a toTal heat sink of 1000 to 1050 Btu/lb
seems to be indicated. This would be some 200 Btu/lb above the heat sink
available from sensible and latent beat only.

Our results have been compared gu~.itatively with those obtained by
Kutzko in his hot air heated calorimeter.)3 Althcugh insufficient data were
given in the reference to make an unambiguous quantitative comparison it
appears that the heat sinks obtained by him with a special JP fuel (cf
Tatle 55)are enrtirely concordant with ours. The composition of the cracked
gaae. i3 also generally the same.

a) Calculated on the volume of one 10-foot section.
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TPBLE 52
FSTR-THERMAL CRACKING OF FUEL F-T7

SUMMHRY OF OPERATING CONDITIONb

Section III inlet temperatura 970-1010°F
LHSV based on Section III volume only

Section IIINominal Nominal Exft Fluid Temp,
LUSV Pressure, psi OF

130 500 1090-1196

130 750a) 1099-1174
130 900 lo85-1im~b)

5 750a) -122-120-1248'0)

360 50o 1067-1201

360 750 lo68-12o,

36C 9o0 J 1 68-1 2i 5 b)

b) Coke formation seriously affected theee runs.
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TAB3LE 53
M TR-TtEMIMAL CRACKIM OF FUEL F-71 DATA SUHK1AY

W.ll . IM?. l
I-.1 '-. IS S7 __0:_-)

q 14 " 00 ISI sit41 7-I.2 Lt- 0.4 q_ _

so am AM 1 0d4 5,2 t

AIM so of if-
:01 3 3 70,32 4 1140 NO

1034 M I am AM

11040 3 1 A264) 3 4 .3 2 Si 25.30)3 A3I
II 434 M 4 1346 SO,47 40D 4

651 Z70 33 94 5D, 300 111 a92
Ih-~ S 643 3474)10 65 PII 2 10 344

6 44l I 9 1 3 £ 6 0 1 1~4 03

fot 4m4o 0 £5 S 1, 5,*4p) 345
054 12 ot Am o N

1" 3,0 1 3 M o OO I o AA (1 2 46 4 Is. 200 3'D

(6))17 5 3370 19, 51 1 ̀9 015

143 3a M1133 1 :,1 10 306

II IO~ 168 IG1 4 053 1 4. 2)M0 440
-~ ~~ 380_ o31,703il

Ar. .. p 6.....* v
0

1.Q Witt) I w 04 13 44 33S F.3 ~4937f ~ 73 04 4.37 :.4 480

'00 135 i~ *.3) x Im

£3 1 31 m420

iftA4 11.3~O 14 1(4) 44 502 19~, 9. ~ 112 I
'go 41 4 4

42~ ~ ~ ~ U 616446£ 00 3,7

100 :1 9 V9 21.0 aI 3029 0

Y4 51 444 3 1 4) 42.1L PC 4V24

466.AM0 44. 'M 1 ~ 4 2 ' 4 6: 440

115 fi 04 40£ : Aid ~ 110

7 w 043 0 03 3v, 040

!Or, 9 0 1.4 ,313 , ~ 11

O b -o.,.w* .. 64 4..4 th- 4 ... I.t.£ . bW4 .. 11-j ::VIM44O.e.)*.
6) a1 f 0.5 . " tAAA I644404.446 t0~ it lkp t (414).
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TABIL 55 (COWflL)
FSSTR-'i'IER.MAL CRAlKT(P OF' FFLT. F--71 - ATA SU.AAPV

d-f Prepss4o 1 udTe

Flek hry I ft Ou nt fkulPktI.lf
- 4. 130 8 892 (

' - . . . . i , =

6 I 7 9 59 18? 143 24,900 14?

86? :57 M4 ?4, qm 158 691
101! 4? 1042 8,700 185

993 10•5 104C 43 1064 8,700 202

1070 46 1093 8,200 I189 Si

91-15:00 4.08 !30 4A 4lI9 (383) 242 s05 25,300 104
70 987 652 153 729 25,300 165

858 139 978 25 300 182 El1

1018 48 1042 8,500 0i
111 987 1090 405) 39 IU0 8,500 218

£075 46 1099 8,500 i8s 9

191-16:00 4.08 130 497 495 ( (380) 242 501 1,?700 102
I 0 985 651 156 729 24,700 158

852 141 923 24, 70 175 614
1058 93 1105 1, 2m0 185

111 985 1196 1'21 ?ad 11o w ,200 221
-i1.• 88 1M20 17.200 196 1150

191-16:40 4.08 lt3 (850) (50)1 (384) 24 50 S '4, NO0 101
(Flov ared pressure fluctuatir badly) 11 70 984 655 189 740 24,700 1,6
(Port 4 simpler pluMtid) 859 156 938 24,700 158 .14

1053 94 110 11, 2m 183

I III 984 12i4 1214 84 1151 7, 20W. ms
11153 99 l198 r:L• ?w 1150

192-13:20 12.5 399 892 889 1153) 258 279 20,800 81
I " 402 239 200 339 20,600 104

i333 116 421 2•0, 80V 118 186

481 131 532 20, 155

591 114 648 203'00 178 I 369
700 H 882 18,900 223

1l1 653 850 750 71 69 118,9 266
_ _14801 74 L2 18,SV0_ 255 _37

Surtied coke from reactor, k.itured 0.8 g carbw.
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TABLE 514
FSSTR-THERMAL CRACKIM OF FUEL F-71:

PR~ODtUC RECOVEI.Y AND ANALYMM

M71 10- 1i 19v1r
i I1- l 1t t 410 18l. IS&0 ISO. WI , tr I 6 -1 85 I0 14 I

12 0 50I 3 [. . . .1 S 0
1int .t9$ 44 1.3 0.5 1. 7 6 4 44 1.5 (

OpST C360 , 36 X) 129 13U 110 17 10 9.A

Inle prieo. pa; so74 .- .1 6, mow 4 | 762 94. W I ft s (050 'V (iif.4

Wi fluid Tep. 1.9 Io n 1 7111 1 ?0 .INS | .W I n I .3 M, 7 i
Most to Fu ,itni b 1" 408 @4 7 83 0 603 111W4 1174 M2 go! 974 ;%1:53 1 11W4IS 11(60

P dt -i o (low) 95 10 GO I0 0 8 . 03 101 { --

Prodwt 0.atiewilvan h

Aqm" ,Isz~, 1.8 7.

Mai 1P A600.111-

No 124 71. 2.5 1.. 5.1 2 4 . 4 13 1.7 2.1
¢,21.2 22.1 21 24.04 0.3 203.4 19.6 ?2 21.8 24 1 5.1

7o25 3. . . 3 97 4.5 I .? ?. 1 .? . IO.? .17.1

cal. W6 H 12 9d4.91. 11. 9 IM 11.6 12 1 3.8

Cl. 13.9 S.1 l.6 11. 11.9 13.2 . 3.2 9.4 2 1. 3

CA8. 0. .3 91 21.5 93 .1.1 1. 1 1.7 . 101. 4

ICA Z.9 1.3 21.6.8 3.6 4. 0 . 3 .1 . 3 5.
C9 1 -9 6 .9 1.1 1. . .5 1.5

.,.C Analyuis. is I t i

c.I T.,
,0.1 0 .5 . Tr T, 0. 0.1
1.0 0.4 0. 0. 0.1. . . . . . .

, , 4 1. .4 1.: 2 4 5.4 ' .4 4 2 4. . 0 2.1
2.? 5.2 5: 1 11 : : 6.1 1. 6.4 8.0

.4.8 3. 2.1 5. 5 8.1 5.5 10 .4
C-s .5 3.8 46.4 6.? 9.? 9.? 4.6 S.9 7.1 10. 10.c 11.4

2. 3.A 1:1 5.9 : 8. 2.69 4.3 5.4 6.1 78 81 1.
C,. 1.4 2.1 1.7 .3 5 . S 3 .4 4, 2 46 s.3 5.5 6.0

C.6 .5. ;5.4 ;.7. i , 3.3. ~ ir. I0.1 22.3 15.1 16.2 16.0 12,5 9.0

C,, .30A 34,1 27.4 ,.0 224.7 2. 11.2 27.3 23.1 1.., II.? I-. a 11.6

C, 2. . 4 14.3 " 1 6.8 16.5 12.9 7.9 16.4 13.1 12.0 10.0 " 1.9
C1  8 1 3. ? 8 . 5.0 3.3 6.6 6.5 4.0 5 .1 5..

T '451 38 . 2.ý 4.5 4.0ý 7.8 02. 3.2 7.2 2.1 2.5 3.4

C,, 1 . . 7 . 1.. 2 g 1 .4 .2 . 1.' -.0 1.I i:. 7 1: ::1 ::1
.0 1. 0 1. v .0 .6

,rm.. @ l c i a' 1 3. C 4.. i.41 ,s . . .P ,.
c,,, ... ..• ,.s " I '- 4 3"l.-i. *4+'4i '3l • i3 .• ••l ss

3.4 13.7 9. a 8.5 n.9 16.1 22.3 I. M 21.4 25.3 27.0
S3.1 3.8 4.3 4.0 6.0 1.3 10.5 5.2 7.7 7.3 8.0 10.6 17.3

S1.7 3.3 4.5 .4 1.5 2.1 3.9 6.? 7.0
f.3 1.5 1'? 1.9 3.5 6.2 8.2 .3 3.6 3.6 7.2 8.9 5.6

C , .. 2 . 1.4 .1 .:4 .8 8 2.4 2.5 4.?

.4 . 4 .6 9 .5 .9 2.0

.2) Otte .aoa*d o r" .•r lom lp *re •,iu l. .

c) Calculattd mUwI{at 3l 04 po t p1 .11 w tI otluz runM.
d) iM " ft rpw:4td.
a) ell Rfqorem AS•-T•012-•0 Part II, JAruey 164, Aahlamd SpecIls Ji'-6.
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Figure 48. FSSTR - THERMAL CRACKING OF FUEL F-71:
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Figure 49. FSSTR - THERMAL CRACKING OF FUEL F-71:
EFFECT OF TEMPERATURE ON REACTION PRODUCTS
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TABLE 55
,_SCRIPTION OF JMV FUELS

Ashland
Properties F-71 Snecial

Gravity, OAPI at 60oF 50.7 46.4
Specific Gravity, 60/60 0.77 0.796
ASTM Distillation, OFIBP 402 33'5

l0ý- 409 5~42
20% 41o

55420 352
S467 370
E.P. 543 400
Recovery, %v 98.5 99.0
Residue, %v 1.5 1.0

Vapor Pressure, psia
3000F 2.6
500"F 4.0

Flash Point, *F, P.M.C.C. 180 122
Freezing Point, *F -51 -80
Color, Saybolt 30+
Kinematic Visoosity at -30 0 F, as 13.6 6.24 (-40)
Aniline Cloud Point, "F 185 135.5
Aniline Gravity Constant 9805 6287
Sulfur, %w 0-003 0.03
Merca tan Sulfur, %w 0.0001 <O.001
Cu Strip Corrosion at 212°F 1B 1A
Luminometer 104 --

Gum, Existent (Steam Jet., mg/lO0 ml 1 0.6
Heat c±' Com'lnst±Vn. BM/19 ~'t) 1-,929 " o
Water Separometer Index -Modified) )00 1-
Thermal Stability, CFR Research Coker-I

Pressure Drop. in. HK 0.2
Preheater Deposit Rating (as is/wiped) -/I

Hydrocarbon Analysis, %v
Pareffins 82.9 -

Naphthenes 10.6 -

Olef1ns 5.1 l_
Aromatics j1. 10.8

Thermal SAabtlitý, SD Coker, 450/5000F, 5 hr,
Preheater Deposit 0-5/16 Oa)AP 0 0

a) Erdco Coker, 450/550.

b) of Table50.
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Prior to beglinrd;g this. d study the foLOWIng changes were uxd" in

the Fuel Systew' Simulatin Test Rig (F•STR):
1. A 24 -point tenperature recorder was substituted for the 16-

and 6-point instlruments which had be- ured previously. This allows all
reactor temperature prcfIle noinr7t-s t- be printed 0ot on a sin,<e crieirt.

2. A 3/4¼-•)D reactor tube was installed n reactor section ]II.

3. Power cables to Sect¶,)n III were doubled rid heavier bus bars
w'zre welded to the reactor coupling.; to handle the anticlpsted heavier
electrical. load.

I4. Theroctoupies were attached to the four bus bars to no-nitor
those temperatures.

5. Thermocouples were also vired on the necked-down adapter ends
of the 3/4"-reactor section where tube wall temperatures would be expected to
be the highest.

In order to provide an extension of the experimental data used to
develop thL computer program for predictions of reactor performance a program
of test runi has bets c*.•'rled o't using the rrH/UOP-R8 svstem in a b/4"-Or x
ca 10-foot long reactor tube. A sketch of the reactor section is given in
Ffjage 50.

A total of seven runs were perforned covering the range of
operating conditions outlined in Table 56. The target for these tests was
set at attaining a conversion of 95at about 75 U{SV. Nominal bed inlet
conditions were set at 900 psig and 900°F. For the bed volume used (627 cm3

or 0.1657 gal) this required a feed rate of ca 12.5 gph and e- the basis of
1000 Bto/lb heat. sink in the catalyst section a power input -tf 80,500 Btu/hr
or 23.5 KW was required. For the 0.60 ohm reactor resistance this corres-
ponds to a current of 6P7 nmps, While the rated output of the welding
machine used h,s a power supply was 650 amps, the fir.st series of runs showed
the low efLiciency of the transformer (ca 45% at maximum rated load) would
prevent reaching this goal without first providing an increased primsry
current siupply.

Series L915-198 wus, therefore, limited to a power input of ca d kw
or 2'1;000 Btu/hr to the catalyst section. For the second series (1001.8 )) a
Hunteraon Variable Reactance Transformer was used as the power supply. The
superior eefficiency of this transformer permitted operation at a maximum of
ca 40,000 Btu/hr which gave 98$ conversion at 57 IASV arid 62% at 7T 1ESV.
Installation of i larger circuit breaker (125 amp at 460 v) and heavier
pri ary wire to the welding machine was then completed and the final series
of runs was made reaching the desired conditions (97% ccuversion at 80 UtSV).

A complete data summary for all runs ic presented in Table 27.

To minimize the current through the bus bar leading to the coupli:.g
between Sections II and III no power was supplied to Section II. Typical
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operations then had the preheaters raising the feed temperature to ca 600OF
and Section I fuarther heating to about 900 0F. Figure 51 shows the temperature
profile for the final run of the program (highest power input).

Experimental results were much as predicted by the computer program.
A full analysis of the comparison of predicted and experimental data is
presented in a later section of this report.

Debydrogenation of MCH to toluene was quite clean, selectivity
ranging from 92 to 98.5% and, as pointed out in the fcllowing tabulation,
selectivity increased with extent of reaction

MCH Conversion, Selectivity
LHSV for Toluene, %

37 64 92
37 98 96
77 43 95
72 62 96
80 77 98
80 97 99

(Bed inlet conditions ca 900 psig and 900°F
for all above tests)

Liquid products formed other tlan toluene were predominantly C1 H14 isomers of
C'T,. G4@ prod',xt @aMwIce from each run were Ana4zed by mas Spertrometer

and, except for Run 10018-5-13:20, were all pure H2 (plus noncondensed MCH
and toluene). In that run, the low feed 'ate-high conversion case, ca 0.2*
CH, and 0.1% C2H6 were found in t1s samples.

A single catalyst charge uhich had been initially activated by
heating in a N2 strean at 1100lF for two hours was used for these tests during
Whi-h 4 tAoel of 100-8 vol gf fOpd/vol Of oaoteet was prorespd. No A'3deace

f cataltyst eeac-t•-ation vas noted. A ea~ry-j of the coitalyvt charge op'rat-
ing history is given in Table 98.

In the course of these tests some additional data points were
obtained from Section I on heat transfer to MCH- in an empty 3/8"-OD x 0.049"-
wall tube. A comparison of these points with the Diit-us-Boelter correlation

0.4 0.8
i N 0.023 N~,PNu/Npr O Re

is shown in LPe •. A tabulation of the dimensionless numbers calculated
for tne various data points is included in Table Z2. (Previous data on this
correlation was reported in reference 3, Figure 66 for fuel F-71 and
Figure 70 for MCl.)

Other than the power supply problem described aoove, the unit oper-
ate ; satisfactorily during these tests. However, we have about -eached a
1± o- p-,wer whidch can be supplied to the 3/4' reactor section as it -is

rn rstructed. At the maxinrLL power used (Run =0018-9-14:00) the tube
W!i1 ' • tR-rue at the nec'kc(1-dowr tU'be Pntrance reached 1235°F as measured
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by a wired-on thermocouple. While this is not an unsafe condition, the
temperature level at this location was increasing rapidly with power input
and further power increase seems unwarranted.

Table 56. FSSTR- DEHWROGENATION OF mCH OVER
UOP-Rd IN A 3I'-INCH REACTOR:

Nominal Catalyst Bed Total Power
MV Inlet Press., &-it Temp., Input,

_psig O Btu/lb

37 9oo 825 1110

37 900 1013 160o

80 500 682 840

77 C00 782 930

72 0oo 83P 1150

80 900 872 1300

80 900 1034 1640

a) Catalyst bed i temp 694-905-F. UISV based on
catalyst bed volure only. ID = 0.652
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Table 57. FSSTR - DEHYDROGENATION OF MCI OVER
UOP-R8 IN 5/4-INCH REACTOR: DATA SUMMARY

1 - - heat Transrer "1

I F1MCH T,,d Rate') Pee8. 3luid Te•p at T "' ,i..t ICH Select'It,CartYt pael Reactor CouIlngs, " Temperature, *. rl 1, Con-rted, ror Tol.n.,
out In out Fluid Zd) j Avgd) (hr) ft7) (hr)).t•)( F)7

8915-198- 1 12.8 77 913 B09 PH 370
13:00 f 698 64 750 o30

S 64 895 760 71 796 27,600 390
853 67 867 410 610II 895 895 0

S732 2. 7.4 670
I11 895 782 750 22 761 16,000 730

76. 24 776 673 9 N

0915-196- 1 15.2 80 488 219 PH 10
14 . j' 40 90 !Iv,

1 575 ",5 764 93 771 v,13 ix
t 811 85 853 385 580

11 895 894 0
687 22 698 650

1 9 687 21 698 14,o00 680
684 24 696 590 840 44 99

10018-5- 1 6.2 57 902 871 PH 180
12:00 55R 136 626 174

1 410 678 117 757 23,600 2w
807 83 849 284 610

11 900 880
746 6 759 480

I 98 3398777 24 t8) 12,3O 3201. 800 27 314 4610 11.10 CA I 92
10018-5- 1 6.2 37 904 860 PH 133O

15:20 gf2 555 142 626 11.",6 t8
1 411 f-79 125 23,0 195

11 902 900 0
0 773 51 799 470

111 900 &l 4 47 M8 24,000 510
872 52 898 .10 1600 98 96

10018-5- 1 11.9 72 907 790 PH 340
60,20 9 F74 f8 78•F 547

1 601 148 88 i70 r 0,. 57047
B385 70 e70 457 6n3

11 902 900 767 7 660

111 900 ..... 15 794 -5,000 763
?b-- I .6 55 616 710 1150 96

10018e- 9 - 1 15.2 130 886 720 PHl 5
15:00 I 679 86 721 X55

I 610 152 81 795 ,458
1 9 90 8 74 875 424 610

75a 4 7 2 760

01 9. :A 7 • 45 81- , 7 60 7t3 s
0

,7

1 615 ).½7 .5 e2 ,79, 0,700 37 1

If 97 905 -77 75

III 905 9t4' • .1; 1-.' sc ,3oo , :

L0

7
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Tal~le58,FSST';R DHYDRbYKNATXGN 0%f MCX VrI 'JO'-h8 AN A

3Z774YpJi EAyOj:TTY 57(oAY OF CýATALYS:'V ýIIARCE

Catalyst Charg89 v Ii45in1 tr

UsE-R8 (r'tbdI2o,) Platform~ng u~tmiyort
Bed vol: 627 z:
Catalyst agt-lvated in Place t-, teat-n4 at Z0Y
in N2 for 2 hours
Feed: 99.6% Ma!, s0.% thluanw, GA~cyolchexancl

Seis Runt T Im, Mai Catalyst ýv! g~ly~

0.3 19 bem ) I
8915-198 3.8 45-44 J 29 210

o.8 228j

10018-5 T.3 62-98 366 659j

10018-9 J4.6 T7-97 j469 102 _
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z
'- 100 NNU/Np?' - 0,023 NRec8zr

z0

Data from Series. 8915- 198
10018-5
100 18-9

10 _ ii ýJ.i I I IiII
0 10- 100

NR

Fiue52. FSSTR HEAT TRANSFER TO MCH IN EMPTY %/-INCH TUBE:
DittusBo-eltvr Correlation
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Tabli . . STR - HEAT TRANSFF•R MORRELA-T ON:
MCH IN EWTY .ý/8-INCH TUBE

Dimensionless numbers calculated for Dittxe.-
loelter cor- lation

Run TmpF Predgss Nl NIu Npr0.1 4 NNM/Npl. 0 4'

9815-198- 698 90o 68,5Do 172 1.03 163
13:00 760 900 79,44'0 164 .98 168

833 900 85,300 174 .95 184

89'A5-!98- 64O 500 109,000 191 .98 195
14:20 724 50' 107,003 185 .98 i.89

811 500 102,000 200 .98 2o4

10018-5- 557 9oo 12,200 63 1.47 45
12:00 and 679 900 31,300 78 1.05 74
13: ,809 900 hO,600 121 .96 1,,6

ioo13-5- 674 900 60,5Q0 131 1.o6 124
16:27 9008 g1,800 145 .99 146

835 900 I 79,900 185 .95 195

10018-9- 681 900 66,800 143 1.05 136
13:00 tnd 754 900g 82,000 160 .99 162
14:oo 84o 900 88,1oo 18 2 )5 192
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.Thermal cracking of Proparle

The Fuel System Simialation Test Rig (FSý3i'Rj) using the USUal )![-in.
(D x O.0 4 9-in. wall x lO-ft long reactor tubes has been used to determine the

in thermal cracking of the fuel. Two thirty-kva var'able reacýtance continu-
o.slz. var re tr..n:...or.•-•ra have been installed giring mo-h ,-etl or cunt-rol
over the enerjy input to the R R TU tian wv- previousl3y possiLli.

Feed rates corre.rpondi.. t.-t 100 and ';00 UkiV (Pcr 10-1ft tvotion)
anl pressures of' 200 and 90 psig were ,elýecteo as coverin•g . ranwge of
coiditions broad enouwh to demonstrate the characteristics of this fuel.
The range of term'eratures covered at each 1UiSV and pressure combinaticn are
outlined in Table 60. The procedure followed in these tests was to set the
fuel flow rate and p . .ratir.+- press.+ur" and use Reactcor "ection" I and II to
preheat the fuel to ca IOOO°F at the entrrince to Section I11. Power was then
supplied to Section III as necesrsry to raise the outlet temperature in about
50OF increments.

k suimiary of the cperatirg data is presented in Table 61. Table 62
contains the product analyses for all runs. Depth of cracking is illistrated
in 5 as a function of temperature for the four pressure and feed rate
combinations testea.

The heat sink capacity of propane at the various conditions tested
is shown in Fiure 54. Up to oa l0O°F the heat sinkc is provided oIly by
latent and sensible heats, Above 1100IF the difference between the measured
heat sink and the extrapolated heat content curve illustrates the contribu-
tion of the endothermic heat of reaction. Even under the most severe crackirg
conditions encountered (ca 65% of the propane reacting) the heat of reaction
was only about 300 Btu/lb out of a total of 1400 Btu/lb. Also at this condi-
tion the endothermic reaction appears to be slowing and the he&t sink cepac-ity
per degree is beeomir4g smaller.

An example illustrating the temperature profile over the entire
reactor is shown in figure . Section III fluid temperatures for the five
runs of Series 10018-27 are given in Figure 56. The effect of the reaction
in flattening the temperature gradient is apparent.

Aý! the temperatur-e Th,".1 -wac inrý-- n 'ipp"r imtwas ~o~.-
for all except the shortest residence ti-mve condition, when pressure and flow
fluctuations, probably caused by coke paxticles lodging against the pressure
control valve, forced shutdown of the uni The maximun heat sink attained
without sign of operating difficulty was Y :, Liua/lb (above liquid at 68*F)
at 400 •ESV, 200 paig and 192°F outlet iemperaturcŽ. No attempt was made to
determine how long operation at these conditions could have been continued.

A few data points were obtained in Sections I and II for comparison
with the Dittus-Boelter heat-trar ifer correlation:

N = 0.025 N o.el %1 0.4
Nu Re Pr
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This c.)mparison is sbown in PiEure "L. PhysIcal pioperty inta for propane
used iy t-alculatirnW the Reyrold... Nnxsclt, and n1dnlers are givtxi i.

Table 60. FSSTR-THEFML CRACKING OF PROPANE:
RANGE OF OPEIATING CONDITIONS

Section III inlet tempera-Lure 974-i0140 F
LHSV based on Section III volume only

lNomnal I Seotion III
Nominal SV Pressurin Exit Fluid Temp,Pressure, psig oF

100 200 U 3-1342a3100 900 1097-1373a'

4M 200 1093-1392
4o00 900 ii04-i36a__-

a) Coke formation halted test at maximum listed
temperatures for these series.
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Table 6,.. FSSR - THERMAL CRACKING OF PROPANE: DATA SUMMARY{'

ft,"-. r- -*1w -~ - - -an ft Sa "I .1"

506

*0.1.8 111h? 100 TI 3

xI P 4 617 9 1 075 252 59
9D7 T2 93 {, 61. 6 616 !%

106 157 50 " 1172 0 17
11 all 1289 1175 17 1193 ,710 IDl

I1 .1 15 11 9 126 2,71 10o921

*0I -0 f5 b 47 1u a o 111 IN 129 1..
60 31 167 154 26 : 51

io' 11 1.16 a' 059T0M

6:1 87 6 61. m,676 86

110 65 10 76,90 112 6

51!to 99 152 j 11299w25 ,9 152
5I f? i% I- 21 1"'2' 3 :8910 17 119

n1410 I.7 11 1000 0am 110 .8 19 m , ..
I 4 3 1 651 1) 5 1 41 -k'

367 111. 41. e, 000 71

109 0 673 I ,6520 19

11~ ~ 52 8 { ~ 6 1 7 7,671 11
II 3 LO 1108 79 1116 10,01.7 77
II 8 30 119 67 2117 w5 10,60 05

621,0 lT 11 2 l 18 1. 1 0,960 40.2 16

1 60 521. 7 16 a.: 8057.7

11.3j69 1 .746A a. 1 7 61

it 52 low W 169 697 107 D

III I 09 { 99 1 1,0 ,61 1&0

102" 11. 101.61 2,720 160 09

It 10790 2." a9 in6a

29 7 81 ý 376 O $. 1,
t1.5 66 1. 7,a 11 566

679 T 7 5 071 76.90 9o7 75
01 96 02 110. 61. 916 8,970 10972

li 9 36 1221 59 1032 3,00 IV6

I I 101 9 521 1123 3,1.40 11.7 1

,I -1 :o 7 l o .. 117 19 111. 7,0 0 12

1 66 163 7I 75 .90 09"08 1.7 5 2.60 =,9 1%. 51

79 550 1982 629 72 707 100,97 97
W2 -1 6 91T1 .6.9 112 7567

J' 1 9? 2 1147 1.040 11.9
11 4 0 L3% 1169i 26TJ 125 1 6.32 1500 6

15.1915.626 ~ _ 627 0 67 262 7.79 179 26

1 67 29 01. 5' 77 - W. 1

I, 1.50 06 1.01 17Q7 109 61

911 6'7 91.6 7505To 9

177 165 k170 6 7.76 1.2 3

111 102 11. 115 1. 196 6,650 156

29 . 7 7 1 23 6o 52 300 1079F

2 1.. 6, 13.8 126 901 901 ~ 7 2,1 5 , 19 71397

_______ IM 100 )0

lit 101 01.1 Ile 31 .l i 75. '6 I.30. 17 1 1.7 1 "'. 2 9

94-1:0 1'8 I 0 1 665 50 r76 21 ýk NO 7 7

11 15 9 . 10 hl 1 123 T5

6W ,?. 8., 3,16. T3 '6 1

177 4 e I ý 10 o
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Table 61 (Contd). FSSTR - THERMAL CRACKING OF PROPANE DATA SVWAYf2

117. -U110 58.0 Mb, 903 905 63S 231 20533 P:457.00 183
1 5 77 50 191 4w2 57.000 A5

514 11.6 5e7 37, 400 256 6

x 67 x " 79 788, 21,800 271
U 7 2 { 918 T0 9153 21,:800 506 768

1225 20 10IM 7,550 570
III 1262Z 1108. C1,0? 1192 I ý o2 7,750 3Wt962

( - - 1M7 18 ,Obe 7,3'0 010 6

27 - 13:00 50.0 86 909 m0 251 12112 551 .T80 186
1 6 6 5 2 T.1 %CO 9y10 56 8

90 76 1,8400 26

II 6T5 910 014 909 21,805WO 510 718

155 50 1053 22,70 550
111 998 1165 186.2 55 1031270w

17 51 1185 12,700 410 955

27 - 18:0 58.0 km j0 so 7 67 252 197 3:1 57,8kw 190
15606 6 199J& 825 57,800 159

506 166 52-9 5 7,800 256 1,46

74',r 5, 78 788 21,80 278
11 6789 99'~ 918 (0 9N8 2 :1,00 515 760

f 05 5 1. 0, 18,550' 5.0
lit 999 1229 1.19 50 111.1 18,510 370

1,1101 816 12101 18,750 1.00 1006

2T -15%00 58.0 W06 &A996 99 7;8 157. 35, I NC,0O 126
1 67 075 526 1 61 L.10 ý 1,'5,)0

513 1.. 505 57 , 400 :10 W)6

11 675 97 8 790O 2 1,100 2714
AC 68 918 21,820 111 7658

1079 79 1119 1 66,00 51.0
III 91A 1292 1178. 75 12 11 16,9802 368

f7.15:50 58.0 h(6 IM5 999, f 5 211 55, 37,400 177

(bp 11.'Fsalfli It pot 4% W616 1 A7s VA9 IN1 h0 t7,. .109

12 675 { 74.4 7 1. 2,0 271
co 'A 2'1,W0 515 76

11 I' 1170 52,(2 "W88
lit ' 19 535 1259 1c, 1290) v 6,22

6 1310 AI 1 5t6 %6,5w0 827 1179

bu,rd 11118. !r- Wfl ... 1,42 L-.6 0 of 4tI11h.

30 - 2R 55.0 599 197 19 f '.8 .0 1191 ,956 0270
1 62( 672 6, 256 219. 571 -1. : 90m 1 '?

1.69 18' 5611902 Y,2 8521I ý

11 072 7k {e ri 67 98 2010 5 5

1015 19 1"A 6,79 50
I1 90 19 1581 4 102 f, 790 hI

-1069 1 51077 0,79 TO 0 851

Ii 1.7 n11 '.9 1,02 .V0. !I.

11 10 16 110 57 0126 1572S

it 7, 0 r- ?? 510 0 0

1W599 20 91 At5 -6 .0 V, I

II 1 0 6 37 0121: 1,0 10 9

15 99 "72 1,0 10 79w 1

909A2 30 3-9 17 11t 1 1075 1.1-10 5.2
NI IV, 125 .~2? 5 ,5 3 1 )6 0 0 555

2151 
.i o 6:ý0 

204 5511 115 79 62 I ( 211 , .112 986518
802 1 6 5 1. 952o 10 202 T190"1 -1 -1 17" ':220, J 26

1 1510c

150 .0!1 530191W'1 ,) J

16.t72 t5 1117ý2

'C I )X:K 12
6,2'e1 wo 2 2

:I 8,27 2472 21,0 6
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I Sprttlon III Inlet Temp 974'-1014*F

LHSV Based on Sec'tion IIl Volume

80-

0 100 LHSV, 900 psig

*t~ 400 LHSV, 900 paig

o 60 100 LHSV, Z00 psig

E3 400 LIISV, 200 psig

0.
0
&4 40

20

0w
1000 00 0 1300 1400 1500

Maximum FluidTmertr, *F

Figure 53. FSSTR-THERMAL CRACKING OF PROPANE
EFFECT ()F RV A CTION CONDITIONS
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Figure 54. FSSTR-THERMAL CRACKING OF PROc.PANE:
TOTAL HEAT SINK
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I-atelzytic De~tdrc~e:.F0Aon of i'r~pane

The catalytic dehydrogenation of propane was st'udied briefly in the

FSSTR using a convercial catalyst (Catalysts and Chemicals, Inc., Catalyst

c-9!; 2% KM.O, 8% Cr_203 on Al203 ). The as-received extruded pellets were
.rushed and Lcreened IC-12 Tyler mesh prior to use. The usual 3/a' OD x

0.049" wall x 10 ft long Hastelloy C reactor tubes were used for this study
with Reactor Section III being the catalyst section while Section I was used
as a preheater. No power was supplied to Section II.

Two series of runs using a single catalyst charge of 64.8 g were
made at a feed rate of 10 lb/hr (IUSV - 75 based on the catalyst section
volume). Operating conditions, product analyses, and calculated values of
heat sink are summarized in Table 63.

In the first series (10018-36) the fluid temperature at the catalyst
section inlet was maintained at 900F throughout the test period. Variables
were inlet pressure of ca 430 and 590 psig and catalyst section exit fluid
temperature of 11000 and 12000F. The maximum conversion of propane measured
during this run sequence was 7.7%. Conversion declined rapidly and after
about 5 hours of operation the catalyst was almost completely deactivated.
Following this test, coke containing 10.7 g of carbor was buwned from the
catalyst bed.

For the second test (Series 10018-40) nominal inlet and exit
temperatures of 10000 and 12500 F, respectively, and an inlet pressure of ca 500
psig were maintained for the entire operating period. Conversion at the
start of this test indicated that burning off the coke deposit following the
previous run had restored normal catalyst activity. Propane conversions
started at 22.5% and declined to 4.2% after 252 min of operations.
Pressure drop increased from about 300 to 465 psi during the first 25 minutes,
then increased at 5 nsi per hour through the rest of the run to a maximum of
490 psi. Catalyst deactivation and pressure drop for this test are
illustrated in Figure 59. Coke was not burned from the catalyst following
this final run. However, a weight increase of 15 grams due to coke
deposition was measured after dumping the catalyst charge.

The maximum heat sink attained during the propane dehydrogenation
was 1205 Btu/lb (above liquid propane at 68 0 F). Of this, 217 Btu/lb was due
to heat of reaction.

The short catalyst life and relatively low heat sink show little
nromise for th 4• svstem .. *,.'- tsts are rp-_rnnp1 for cl±,'•_,c 'e-
hydrogenation of propani ...... Foit unless a more stable catalyst i.s
discovered.

High Heat Flux Section (in progress'

In order to permit investigation of hept flux conditions closer
to those which might be encountered in combustion chamber cooling, a short
reactor section has been constructed and installed in the FSSTR in place of
the usual 10-ft long reactor section III. This reactor, a sketch of which
is shown in Figure 60 is made up of a 2-ft long section of 3/8" OD x 0.049"
wall Hastelloy C tube welded to Ni bus bars. 3/8" compression type fittings
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provide inlet and outlet connections and 1/16?? fittings are used as glands
for inlet and outlet fluid temperature thermocouples. A 1/161" fitting is also
provided in the exit end bus bar for sample withdrawal. Tube wall (external)
temperatures are measured at six locations by thermocouples spot welded to
the reactor tube. The two lead wires from each Junction (insulated from
dLirect contact %Ith the tube by ceramic cement) are wrapped 1/2-turn each in
opposite directions around the tube and then are led thru ceramic insulating
tubes until well away from the high temperature area.

The electrical resistance of this reactor section is about 0.025
ohms. With the power supply presently in use, a maximum heat flux of ca
590,000 Btui/(hr'i(ft 2 ) can be reached without exceeding the 1000 ampere rating
of the transformer secondary.

No: compensating heat is supplied around this reactor as with
the 10-ft sections. However, a 2-in. layer of insulation surrounds the tube
and at the high heat flux conditions to be studied heat losses will be a
minor portion of the power supplied.

Dehydrogenation of MCH Over UOP-R8 in the High Heat Flux Reactor Section

12.9 grams of UOP-R8 Pt on A12 03 catalyst in the form of 1/16"?
spheres was charged to the reactor and activated in place by heating in N2 .
A series of eight tests has been completed covering the following range of
condition:

Inlet Temperature, OF 900

Inlet Pressure, psig 885

Feed Rate, lb/hr 64.5

IHSV (for 2-ft section) 1600

Power to Catalyst Section, Btu/(hr)(ft 2 ) 0-359,000

Reactor sections I and II were used as preheaters for these runs.

A summary tabulation of the data obtained is presented in Table 64.
Power to the reactor was increased in steps as shown until a point was
reached when it became apparent that the catalyst bed was deactivating. This
effect is shown in Figure 61 where exit fluid temperature is indicated. The
continuing temperature rise shown in the final runs after a step increase in
power indicates that the heat sink resulting from reaction is declining and a
corresponding amount of power is going to heat the product. This is con-
firmed by the decline in conversion shown on the same figure.

In this series a maximum heat flux of 359,000 Btu/(hr)(ft 2 ) was
attained which is higher by a factor of 10 than was previously reached in the
10-ft long 3/8"-diam catalyst section and 7 times higher ther. the maximum for
the 3/4"? diam tube (Reference 3 and preceding section this report).

Analysis of the data from these tests is still in progress. How-
ever, comparing the final run (10018-50-16:30) with the predicted performance
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at similar conditions (Table 70 condition B) indicates that conversions
higher than predicted were attained, resulting in higher pressure drop azid
lower exit temperature then predicted. Clarification of this point as well
as investigation into reasons for the catalyst deactivation will require
further effort.

Table 64. FSSTR - HIGH HEAT FLUX STUDY:
DA__A SUKMMARY FOR SERIES 10018-50

Catalyst Section Inlet Conditions:
Feed: 99.7% MCH, 0.1% CH, 0.2% Toluene
Feed Rate: 64.5 lb/hr; 10.05 gph; 154,000 lb/(hr)(ft 2 )
LEMV: 1600 based on 2-ft catalyst section
Pressure: 885 psig

Run No. 10018-50-
Proper tie s 12030 13:10 13:50 14:30 15:10 15:40 16:05 16 :3OAa) 16:30Sa)

Btý7hr x l0• 0 6.1 13.3 21.7 30.8 39.0 45.5 52.0 52.0
Btu/lb 0 96 210 342 485 615 717 820 820
Btu/(hr)(ft 2 ) x 10-3 0 42.1 91.7 150 212 269 314 359 359

Temperature, .Fa)
Inlet Fluid 896 900 891 893 903 908 906 898 900
Wall at 1/2" 864 897 922 961 1009 1047 1072 1091 1094
Wall at 3" 800 839 880 931 988 1032 1067 1096 1100
Wall at 9" 737 787 841 901 963 '014 1054 1094 1099
Wall at 15" 713 773 836 902 968 1023 1069 1115 1122
Wall at 21" 701 771 841 913 988 1053 1115 1192 1212
Wall at 23 1/2" 699 770 840 913 990 1067 1141 1242 1266
Exit Fluid 699 745 788 831 880 936 1002 1100 1126

Rxit Press., Dsi 700 671 645 604 548 505 466 436 436

WC Conv, % 15 21 29 39 51 60 65 55 63

a) Temperatures are averaged over 15 min intervals except for Run 16:30 where two 7 min
periods 20 min apart are indicated to show changing conditions.
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Development of Ansgytical Models of Catalytic Reactors

Work has been concentrated on development of an improved version of
the "Shell Packed Bed Reactor Program" for simulation of experiments which
have been carried out in the PSSTR and for some exploration of the effects of
reactor -'aecters ou U-UW pe.ormance of the reactor. A new version of the
program has been written, tailored specifically to the requirements of
calculations for endothermic fuel reactors.

The primary objective in undertaking a revision of the packed bed
reactor program was to simplify input and output and reduce loading time and
computer storage requirement in order to facilitate our own use of the pro-
gram and to make it available for use by the Air Force and other Air Force
Contractors on related contracts. The only significant feature of possible
use, which was omitted, is the ability to represent a radial profile of mass
velocity. This feature has not been used in past simulations of experimental
work but could conceivably be of use in the future. Several additions have
been made to allow coverage of a wider range of applications. These additions
involve a revision of the available choices of the boundary conditions at the
outer well of the tube. In the new version: 1) the flux profile may be
specified by a table of up to 10 values equally spaced along the length of
the tube, or 2) the outside temperature of the tube may be similarly desc2:uibed
by a table of up to 10 equally spa6ed points, or 3) the tube may be as8umed
heated by a secondary fluid flowing along the outside wall with constant mass
velocity, heat capacity and heat transfer coefficient.

The basic equations representing the processes occurring within a
single tube packed with catalyst and the logic of their solution remain the
same as in the original version. A slight improvement in computation time
is realized, 0.6 minutes of computer time on IDM 7040 compared with 0.7
minutes for the original version for a normal computation simulating a FSSTR
run with 500 axial steps and two radical increments.

The rewriting was accomplished ii, two stages. In the first of
these, the program was adapted to the requirements of calculations for
endothermic fuels, but remained restricted to handling cylindrical,
axisymmetric reactors. An addition to this version also allowed calculations
for a sequence of adiabatic reactors, with reheating of the fluid between
stages. Subsequently, in a second stage of modification, the program was
adapted to also allow calculations for a packed bed in the configuration of
a thin semi-infinite slab with beating on one face, and held adiabatic on the
opposite face. Such a configuration is felt to be a reasonable approxima-
tion to the configuration which would be used for regenerative cooling of a
combustion chamber. At the present time, MH is the only fuel for which we
have adequate thermodynamic and kinetic data to carry out calculations with
the program. As experimertal investigations of other fuels proceed and
develop the required info.rmation, this can readily be incorporation into the
program to allow the same types of calculations for these other fuels. Data
for decalin to reaction products is now being assembled.

A listing of the current version of the program in FORTRAN IV
languege and memoranda describing each of these two stages of development
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are contained in the Appendix. This program has been used for most of our
own calculations and has been made available to the Air Force and other
contractors.

Some work WaL also done on developuent of a one-dimensional program
representing a single packed tube. In this program, radial temperature
gradients are represented by approximations, and rates are calculated at an
average (crIoss-sectional) temperature. Our present feeling is that such a
representation cannot be made to function in a manner useful for design of
equipment or refined calculations, but may be of value in early stages of
attempting to develop reaction rate expressions for the endothermic reactions
of other fuJels. Such a program has a significant advantage in shorter
computing time when q large number of cases must be run.

Simulations :f FSSTR Experiments

The additional experiments carried out on dehydrogenation of M1H in
the FSSTR using a 0.75" diameter tube were simulated in order to demonstrate
the capability of the model for this wider range of conditions, and to assist
in interpretation of heat transfer measurements made in these experiments.
Subta§:intially the sAme parameters were used in there simulations as had been
used previously in simulation of experiments in the smaller diameter tube.
Becaus- of the larger ratio of tube diameter to particle diameter, two factors
involved in calculation of pressure drop were adjusted. For the average
fraction voids between particles, e, a value of 0.415 was used rather than
0.432 which had been used for the smaller tube. The value of AF, the factor
which corrects for a typical packing arrangement near the wall, was raised
from 0.50 to 0.67. Both changes tend to make the calculated pressure drop
larger in the larger tube. The rate expression used was the same as had been
used previously. The parameters which are used to generate the equilibrium
constant were adjusted slightly to bring the calculated value into better
agreement with the tabulated values given by API 44 tables. The rate in
lb-mole/hr-ft 3 of reactor volume is given by:

(I-E)AIA2CMH exp((B 1 + BF)/RtTs) 3to!P1

1 + A2CmiH exp(B2 /RgTs] L1 PM•As exp[Bs/RgTsJj

Rg = gas constant (Btu/lb mole-OR)

CMH - concentration of MZH (lb mole/ft s )

Ts = surface temperature of catalyst (OR)

PA =-partial pressure of component A (atm)

C = fraction voids in bed

A's and B's are reaction rate and equilibrium parameters.

A, - 7.5 x 1012  Bi - -59,000ý
A-m 5.5 x 10-8 B2 = +54,000
A 3 - 4.0 x 1L2 0  B 3 = -92,500

The run numbers and conditions for the seven runs simulated are
given in the upper part of Table 65. The lower part of the table gives a

19.
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Tl ý66• C(f-ý'ARISON OF COMPUTER CIGX-ULAIIONSC '%, L Xi ERR-MAL

RESULTS FOR D ROGENATION OF IN -INCH TUBE

8915-1-5 10018-9
Run No. --------

13oo 142o 1200 1321 2 1620 15 14oo

Fbu' (Btu/hr-f±t) 15700, 13300. 13.740. 23100. PLn8o. 34500. 5)000.

0 (lb/hr-Ct2 ) 35500. 36800. 17200. 17200. 33200. 36700. 36700.

To, °F 8)5. 89 L. 898. 900. 0oO. 904. 905.

Po, psig 9 . ... 9l1. 9o3. 995. 886. 886.
, P a0 19. 270. 30. 39. 113. 166. 207.

Temp on axis, "F

729. - 6814. 74!. 77'1. 745. 756. 775.2.5'

732. 687.- 746. 7i. fl T

752. 694 776. 828. 779. 793. 823.5.0'f
flL -08124. 777 72 822.

771. 696. 804. 882. 805. 824. 875.
7.5'1

I 684. 800.. 872. 1 81.ý 866-

Outlet Temp (mean), I 790. 69. 834. 1028. 834. 865. 1039."OF

Convol.I.. 4u15£ 63 98 64 791 97II•i • 64 9g _2 L2 9

a) Experimental values are underlin-ed.

S]~.95 rI
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compa-iocn of ie c ul iJ.l and obi ;e vtiLue of premsure drop, •oncers.,
outlet mean V2rqperatýuL , a.(' vt-luei, of thp ttur"_rature at the axy;. of' Ih-
reactor tube at three parts aloni ". tg length. in this Iporton of the toble
the upper fig•re Is t,4 •'- UIe" atd, t'h lower (und erli&J) Lhet
There compn-arloons indicate a very oatisft,•try agreement between experimlent
and calculation. Calculations shewed that the overall heft balance can be

i-n eirror by lip to P-t-alt 4 "-'rent.. Thisi prob-.'.Ljdu to errore 'In .icperi-
mental me-mirennts ka" flow rate ani heat flux. FIgues 62 n 63, ad e•c4 how
profiles of temperatrn'e at the tube axis and conversion calculated for three
of the above experiments. Experimental points are -,hown for intermediate
temperatures and overall conversrc-i. These profilea demonsetrate behavior
typical of a consta.t-flux reactor. In Fi e it can be seer that the
rate of reaction in nearly constant throughout the reactor (except for the
first fort of length), the conversion increasing linearly with length. ln
this section nearly all of the added heat is utilized by the endcthermiic
reaction, with only a siall portion going to heat up the fluid. The temper-
ature in this section rises as necessary to adjust the rate constant to main-
taini the chemical reaction rate at a level sufficient to absorb the heat
being added. At the tl.let, the feed was admitted at a temperature much
higher than necessary to maintain a reaction rate capable of absorbing Lhe
heat added. Therefore, the temperature fell rapidly, with the sensible heat
of the gas being abso-bed by additionaL reaction in this section.

Fxplorations with the computer program have shown that the primary
factors influencing the enaps and location of such profiles are the rate of
heat addition in B u/lb of fluid flowing, and the inlet temperature; the
actual heat flux and mass flow rate have only a minor influence upon these
profiles.

Figure 64' shows profiles for a run in which the total heat addition
was high enogCn to carry the conversion near to reactant exhaustion. Thus
near the outlet, the rate of reaction declines and the rate of temperature
increase turns up sharply, with sensible heat now absorbing a larger fraction
of the heat input in this section.

Figure 64 shows profiles for a run made at lowor pressure, with a
high enough flow rate that the pressure drop scriously affects the presnriire
level in thc rra-tor. The rapi'ly lscreasing pressure shifts the equil brium
point of the reaction sufficiently that the reaction is maintained at .
steady rate even though the temperature is nearly constant or de-lir )g
throughout the reactor.

Heat Transfer to a Packed Bed Reactor

A •cioid application of the packed bed cooputer program Is in
aiding analysis of rates of heat transfer to the FSSTR. In the experiments,
the overall temperature diffarence is m-,asred betveen a thcr.couple on the
outside wall of the reactor and a thermocouple at the centerline of the bed.
Heat transfer between these two points occurs by a series of three consecu-
tive processes: 1) generation of heat from electrical power and its transfer
through the wall with an associated temperaLure &dku 6L wall between outside
&nd inside of the wall, 2) transport across a turbulent fluid film inside the
wall, with an associated et film, 3) transport through the peckeed bed, radi-
ally, aceompanied by absorption of heat by the fluid as eens'ble hc-. and
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endothermic heat of reaction, with an associated At packing. The measured

tenperature difference is the sum of these tbree. The first, At wall, may be

simply calculated from the thermal conductivity and one half the thickness of

the wall and the rate of heat generation. For the second, At film, correla-
tions exist in the literature. However, these correlations are based on data
at lower Reynolds' numbers. We are interested in demonstrating whether or
not such correlations are applicable in our region of conditions. Therefore, r

we would like to be able to separate At film from the remaining processes.
To do this, the computer program is used to calculate At packing, which
allows calculation of At film by difference. The experimentally measured
At's and the three component parts of eacha are given in Table 66 for the
seven runs made with the 0.75-inch diameter tube. For each run, an average
film heat-transfer coefficient calculated from the flux and the values of
&tf is also given. A comparison of Nusselt numbers based upon wall heat-
transfer coefficients caltulated in thi, way, with a correlation based on
that of Hanratty for heat-transfer to beds of spherical particles, is shown
in Figure 65. The experimental results obtained in both the 3/8-inch and
3/4.-inch tubes are in good agreement with this correlation and indicate its
usefulness in predicting heat transfer coefficients at highly turbulent
Reynolds' numbers.

Influence of Thermal Conductivity of Catalyst Particles

The radial temperature drop through the packing within the catalyst
bed is a significant part of the o-erall radial temperature difference. In
the past we have indicated that the major process influencing radial trans-
port of heat within the bed was gas mixing. To assure ourselves that the
parallel process of conduction of heat through the solid packing was not
important in determining the radiAl temperature drop, exploratory runs were
made with the computer program to determine the influence of the thermal
conductivity of the catalyst.

Two pairs of runs were made for conditions representing two levels
of flow conditions possible in our experimental apparatus; one pair at LHSV
of 20, the otier of LHSV of 1CO. In one run of each pair, the solid conduc-
tivity of the base run was taken as 0.130 Btu/hr-ft-°F, a value typical of
our current catalyst. In the other run, a solid conductivity 10s times
greater was taken. This value is arbitrarily high, but comes close to
representing copper metal. To maximize the effect of radial conductivity,
a total heat input of 1000 Btu/lb was taken for the 10-ft reaction section.
In the higher spare velocity pair, no significant difference between the two
runs was observed, the largest difference being 0.5 0 F lower wall temperature
at the outlet for the run with the higher conductivity. In the lower space
velocity pair, differences were observable but still very small. A maximum
difference of 3.5°F in the wall temperature at the outlet resulted.

From these explorations we conclude that any at-tempt to develop a
cat-alyst upported on a base of higher thermal conductivity than the alumina
we now use would clearly not be fruitful in terms of overall reactor
performance.

2()0



Table 66. O )0TM OF M!JSt-TRED TMSl .A•r-IE

- ~ ~ ~ ~ ~ ~ 0 '. 0.-C4&9.)~

Ruan lo. ~ j"9
1.50 0 1420 ' lk~ 50 ~~

eciaured LAt 28 26 2P 5T 42 56

4t wallQ 4 4 3 6 6 9 12
6t filml) 12.8 10.8 12.5 27.4 19).0 25.4 5.
iAtpacki-lgc) 11.2 11.2 15.7 23 ,J6 17-0 21i.6 2905i

At. 5.-0'
Mesrdt 26 25 27 63 39 51 74

At12.0 45 6 8 12

At pacing") 1. 10. 2 12.1 25.2 18-1 25.6 55.
ttpcig) 10.0 10.8 11.9 122.0 14.9 19.4 2'8.8

At 7.5'
'esrd -t 28 28 50 586 41 155 8

AtW~.1a))44566~ 12

t packilngc) 9.2 10.9 11.2 27.0 14.4 19.9 55.5

:t pac4i 2 ) 11.8 1.1. 13.7 25.0 10.6 2.1. 29,5

Meta fil14f ) 120 0 I0.0 900 goo 1250 1.360 25 .0

2K~d

b) By r;iiftererice &tf .- t - &tw &.
D) teirm~nd from OOz~uter program ekaouJlationa.
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E§?SRor tr• Caltulations

Further calculations have been carried out with the computer pro-
grmt at~pt to df1ne, at least5 rovu,6hlY, the upper limit conditions of
mass velocity, heat fluxariv- endoth.rmic capecity fcr MCI as an endothermic
reacting *fuel. For thesa caculations, which are specific to ?J-H fuel and
R-8 catalyst, a reactor lerngth of 2.C ft and inlet fuel temperature (f 9O0WF

-~~~~~ r- Lau~ I tlU.L tJUIW1.

Results shown in Table 67 indicate the effect of mass velo,2ity ai-d
heat flux for a reactor tube 0. 5-in. ID subject to a constant heat flux
along its length. These calculations indicate moderately high but probably
tolerable pressure drops of 250-400 psi over the two-foot length for mass
velocities of 100,000-120,000 lbb/ -ft., Thus, 120,000 lb/"ir-ft' is probably
near the upper limit of mass velocity allowable by pressure drop a& a con-
stant heat flux of 0.5 x 108 Btu/br-ft 2 , maximum temperatures attained are
probably within the permissible range. It should be noted that upper limit
temperatures for this fuel and it reaction products have not been firmly
established. However, our past experience with these 1y-drocarbons u.icates
that significantly above 1300'F the hydrocarbon will rapidly coke up the tube,
and the fuel in contact with the catalyst will result in deactivation of the
catalyst above some temperature in the range ll00-1200OF. At the higher flux
level, 0.625 x 106 Btu/hr-fte, maximum temperatures are above these tentative
upper limits. Thus, this level of heat flux is "too high". Figure 66 shows
axial temperattre profiles for three radial locations for the first set of
conditions in Table 67. These show that although temperatures at the inlet
end are well below stability limits; an reaction proceeds, the temperature
of the fluid rises in order to maintain acceptance of the high rate of heat
input. Even though the overall conversion attained is only 60%, the rate of
the reaction is not sufficient at this conversion level to sudtain this high
level of heat input at the high space velocity (LHSV = 1250) for which the
calculation was made.

In an attempt to obtain a high average heat input Pnd keep tempera-
tures below tolerable limits, calculations were made for reactors subject to
tapered heat-flux profiles, with the maximum heat flux at the inlet (low-
conversion end). Table 68 shows results (f calculations where such a
tapered flux profile was obtained by imposing the condition that the inside
tub+-wei-I te +.ra-n- kr, 122"1' 4A;vc r V . - IL J*- - -LU1

&& '.v. t'kj . ~ LAJ C :Ijt- L141. 1 M tl b tJIJ .L1

with a tube diameter of 0.65 inches, the heat flux varies by a factor of
three over the length; from nearly 108 Btu/hr-ft 2 at the inlet to 0.34 x 106
at the outlet end, with an average value of 0.62 x 108. The maxiomu tempera-
ture, both within the packing and at the wall remain within a safe range.
The first three entries in this table show the effect of increasing the diam-
acer of the reactor tube with space velocit; Lid constant. The maximum and
average heat fluxes increase as would be expected due to the decreased sur-
face to volume ratio of the tube. Howe~er, the utilization of the endothermic
capacity of the fluid, as indicated by the conversion attained and the total
heat Ilput in. Dtu,±o of fluid, decreases significantly with increased tube
diameter. This decreased utilization of the endothermic capacity of the fluid
togeTher with the added weight and vol,'me of larger diameter tubes, attaches a
heavy penalty to the use of larger diameter tubes to increase permissible heat
flux.
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J~be!L PREDICTED MTWET OF MASS VELOCITYf AMJD HEAT FLUX
IN 0uiETA:Vr FL'JX RU~C T.R~S

Axisymnetri oy] inder
L m 2 ft; dt - 0.651. ID
-rh--A-.rdgcnation of Mtn over UOP R-3
Inlet pressure: 900 psig - total term: 900°F
LH3V I /1

Meas Vol Te mp Fluid Max Temp, OF'Ih-:m Flux, a' Out XotBul lidMxTm,
Bta/hr-f-,, out lt Bt-g lb

C B4hr-ft2 x 106 s F At Wall In Packing

120,000 .625 396 1145 .61 ' 768 1386 1223

100, GO0 .625 283 1234 .69 921 1513 1325

120,001 .50 348 lO .56 615 1205 1075

100,000 .50 248 1065 .64 37 1295 1142

Table 68. COMPARISON OF PERFORMANCES CALCULTED FOR SEVELAL
HIGH OUTPUT COMNITIOMS FOR MH DEHYDROOENATION

Axisymmetric cylinder
L w 2 ft; LHSV - 1250
G - 120,000 iblkhr--ft 2 ; tw = 12250 F
P-n a 900 psig; Tin w 900°F

Heat i. -ux,
ddt, Rel Rate, Tmax in AP, Temp etu iiU

In. Constant Packing psi out Btu/]Fb
Inlet Outlet Average

0.277 1.0 1202 314 u198 .70 905 .89 .05 .31

0.65 1.0 1142 437 1100 .63 760 .95 .34 .625
1.32 1.0 !06 6 98 9-5 .4 , •1 ,6 .. . .. . -. -1 .1•. i .6 ý - -7 6

0.65 2.0 1134 511 1086 .77 875 1.0 .37 .71
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The basic barrier to attaining higher heat flux Ftnd higher uti'hi'za-
•, of &UWku4.-•.LU ut AtM.LTy Uf it!l fuel is the slow rate of reaction at

moderately high conversion. As an indication of the benefit which could be
obtained from the use of a more active catalyst, the calculation summarizedc
in the bottom line of Table 68 was carried out. Here, a reaction rate wait
Ga•u•o al twice thJat ObtslA.- with ar ' urreat u .o y4tis. For the umme con-
figuration and conditions, "his postulated increa.e in reaction rate resulted
in an increase ia coniiersion from 6_% to 77 and uf average heat flux from
0.625 x 108 to 0.71 x 108 Btu/hr-ft2 . E-en this quite substantial increase
in activity would leave nearly a quarter of the endothermic capacity of the
fluid unused. Utilizing this remaining fraction would require a second stage
catalytic reactor operated at lowur space ,•locity, operating to extract heat
from a load less intense than the combustor walls.

One Side Heating of Reactor Tubes

Alto.ugh the preceding calculations nave beer discussed with
referernce tc heat fluxes expected in regenerative cooling of the combustion
chamber, these calculations were made for a cylindrical tub( configuration
uniformly heated arc-md its periphery. In a regenerative application, the
tube would in a be largely heated from one side. A more r-ealistic, simple
approximatl, . this condition might be to consider the catalytic reactor as
a flat plate of thickness t, length L, and indefinite extent (essentially
infinite) in width, heated on one side of the thiclkess and adiabatic on the
other. Ti*rrg the version of the packed bed reactor program incorporating the
most recent modifications, exploratory calculations were made for this con-
figuration as well. Results obtained are illustrated by Table 69.

Table 69. EFFECT OF BED THICKNESS ON PERFORMANCE OF FLAT-PLATE
CATALYTIC REACTOR FOR DEHYDROGENATION OF MCH

Length, ft 2 Mass Velocity, lb/hr-ft 2  100,00
Catalyst Pellet Inlet Temperature, OF 900

Diameter, in. 1/16 Inlet tc-surc, psig 90C
LTHSV 1,000

11Iea.ed faze of ... t........._• o m u- at 1225*F on inside of
metal wall.

Heat Flux
Btu/hr-ft•, Heat Input Conversion Outlet PressureThickness, x 106uto Fluid, Temp, Drop,in. ____________°F psi

Maximum Average t bT

0.36 .93 .74 49y .528 900 240
0.24 .87 .69 685 .644 1000 240
O.18 .84 .61 808 .705 1084 215
o.144 .84 .52 874 .73 1135 210
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150

dt -0.65 inches

"G - 120,003 LI1SV 1250

Total Heat Added = 768 Btu/Ib1400 4P = 396 psi

X0 ut ý 0.606

Pin -- 900 psig
- Tin = 900*F

Ht at Flux 625,000 Btu/hr-ftZ (constant)

1300 -

100

C.*

''1100

• .-F 0/

1000 kq

._e

900

800

0 12
Length, ft

Figure 66. CALCULATED AXIAL TEMPERATURE PROFILES B

FOR DEHYDROGENATION OF METHYL CYCLOHEXANE
AT HIGH HEAT FLUX
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The basic festurpea f' results utth the flmat w +ri+ ' h--a.. "
are similas to tioae with the axlsy>.metric cilinder. An averse flux uver
a two-foot length of 0.5-0.7 x 10 Btu/hr-.ft2 can be attained with roasonale
utilization of the endothermic capacity of the fuel. Some compromise between
maximum heat flux and utilization of the available napaýcty of the fuel to
take up beat must be made. With the flat plate configuration, the dimension
of the layer compared to th2 purticle diameter becomes more critical. The
re1gion of dimension which appears to be most favorable is a thickaess of only
two to four particle diameters.

Figh-Flux Test Section for FSSTR

Appli -ation of a catalytic, heat-exchanger reactor to regenerative
cooling of the combustion chamber of a hydrocarbon-fueled scramnjet would
require that the reactor accept a heat flux of lQY Btu/hr-ft2 or greater. In
our experiments in the FSSTR, the highest heat flux employed in any experi-
ment was 51,000 Btu/hr-ft 2 . lower by twentyfold. Even in view of the
success we have had simulating experiments with the mathematical model, we
believe experiments at conditions nearer to those of application are
desirable, before design of a practical system.

The equipment to be used for these experiments is described else-
where in this report. Its design basis involves attempting to reach the
hIghest possible heat flux input within the constraints of using the existing
power supply, fuel feed )ystem, and preheating arrangements. The computer-
program model was used to predict the extreme conditions under which the
experimental apparatus could be operated. Two examples of calculations for
this equipment are given in Table 70. The fuel to be used is MJH. The
conditions indicated for A in the table may be barely attainable due to the
high pressure drop. However, maximum temperatures appear to be within
reasonable upper limits. At the lower mass velocity and higher heat flux
of conditions B the pre- sure d-op is reasonable but maximum temperatures

predicted are prnbably above the upper limit tol:ralle b3 the hydrocarbon
without signifi.:sant ooke formation. On the basis of such calculations the
region to be investigated in this apparatus has been selected as:

1.5 x I01 < G < 2.0 x i0, Ib/hr-ft 2

2 x lO < q/A < 3-5 x lO Btu/hr-ft
2

The upper limit of the heat flux is indefinite and will be approached gradu-
ally in the experiments. The heat flux which we expect to attain in these
experiments is a factor of six greater than in our previous experiments, and
should be within a factor of 2-3 of the maximum to be anticip.ited in
practical application.

Shock Tube Studies of 'Inition Delays of carbons

Under the previous contract on this subject (AF 33(657)-1i096) a
prcgram of measurement of ignition delays of hydrocarbon-oxygen inert
m.xtu-es was initiated. Experimental meth~dj and equipment have been
described in reports under that contract .2)3. Work in the same area has been
carried out under the present contracLr with the general. objective of providing
information on the time required for ignition of hydrocarbon air mixtures in
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Table 70. PREDICTED PEF•-•OAPWE OF HIGH HEA FLUX
TEST SECTION FOR TWO SETS OF CONDITIONS

Length: 2 ft
Tube Diameter: 0.277-in. ID

Conditions A B

LHSV 2080 15Co

Mass Velocity, lb/hr-ft2  2 x 105 1.5 x l0s

Heat Flux, Btu/hr-ft 2  3 X 105 3.5 x 1O5

Inlet

Temp, "F 900 90w

Pressure, psig 900 900

Heat Added, Bt!i/lb 520 810

Outlet

Temp, *F 1073 1233

Pressure, psig 57 494

Conversion 0.41 0.,,7

Maximum Temp, "F

Outside Tube Wall 1202 1402

Fluid at Wall 1142 1323

Fluid in Catalyst 1083 1248

_ SI

• _U8
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the temperatu.re range 1300-i800"F. Such inform•tion Is being supplied to
assist in screenlng hydrocarbon fuels for application to supersonic combustion
systems and in the analysis of the supersonic combustion of hydrocarbons.

Using the same techniques described in previous reports, work was
done on threp high-boiling materials: n-dodecane, decalin, and Cx-methyl
decalin, to extend the range of conditions under which they had been studied.
Two new species, ethane and ethylene were investigated. A few additional
experiments were done on methane and propane as fuels. Results are tabulated
in Tables 76 through 82 in the Appendix.

Ethane and Ethylene

Our previous survey of ignition characteristics of hydrocarbons has
not included the C2 's. They have not been seriously considered as potential
heat sink fuels since they appear to offer no significant advantages over
methane as cryogenic fuels. Furthermore, the highly refractory nature of
methane led us to anticipate that the C2 '8 would also require et least some-
what more severe conditions for ignition than the higher molecular weight
hydrocarbons and hence be no more attr(ctive as potential fuels fcr supersonic
combustion. However, recently White3 44) reported tnat acetylene and ethylene
have ignition delays similar to and in some cases shorter than hydrogen in
very lean mixtures under low pressure ccnditions. It was therefore agreed to
include ethane and ethylene in our experimental program; in these cases
extending the range of conditions to leaner mixtures than we had studied with
most other hydrocarbons in order to allow a cross comparison of our results
for ethylene with those obtained by using a different experimental technique.

For ethylene, in lean and dilute mixt.. es, the results we obtained
compared well with Wh'te 's correlation. figure 67 shows a compari3on for a
set of data obtained with a 1% ethylene plus oxygen mixture in argon at an
,quivaaleje faio o . 1.. Crur experim-ntal points In...ate ignition delays

about 30% shorter than %hose given by White's correlation as shown in
Figure 67, which he _ epresented by

10g(T[0a1/*3(C2H4]2/3) -11.0 +

It is significant that these data, in addition to agreeing reasonabl- well in
magnitude, also support the low temperature coefficient of the correlation;
viz., an activation energy for ignition of 17.9 kca/!molaz

At higher concentrations of fuel, our data iniiate a radical
change in the dominant ignition process, since the apparent activation energy
increases to about 37 kcal/mole. In our experiments the boundary of the low
activation energy region in Which White's correlation applies appears to be
set by the concentration of' ethylene being less than about 10-5 moles/!..ter,
ra.her than by a critical value of the fuel-oxygen ratio. At an equivalence
ratio of 0.1, the loy activation energy behavior was observed when the fuel
plus oxygen concentration was lm but not when the fuel plus oxygen
concentration was l4m or 20%m.

I..n th& zeica-.A ur imr-: practical importance, with higher ethylene
conentration, the ignition delay continues to decrease with the first power
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Figure 67. COMPARISON OF ETHYLENE IGNITION DAlA
WITH WAITE'S CORRELATION
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of pressure. This prestare dependence appears to be due to dependence upon
th- conaentrtLvn of reactants only (oxygen plus ethylene), nolt involving any
dependence upon the concentration or partial pressuri of the inCrt diluent.
The ignition delaV decreases alnist proportionately to the concentration (f
total reactants from, 1i to 20Am. This strong dependence upon concentration
resu'ts in the loweot dltiayB we have muasured for any hydrocrbione, in 2-0m
reactant mixtures. Figu-,j shows data ob .._ned at ths conc~nxtati.'n with
an equivalence ratio of 0.1..

A further differeiice between ethylene and the higher hydrocarbons
we have studied prevlously is the occurrence of a minimum in Igi~ition delay
as a functLon of equivalence ratio. The form of White's correlation clearly
shows the ignition deles decreasing with increasing fuel conctntration (ca
equivalence ratio) in the lean and dilute region. This pattern holds even
in the more concentrated fuel mixtures (in which a stronger dependence of
celay upon te0perature was observed) up to an equivalence ratio of about, 0.5.
At this equivalence ratic a minimum delay time iL reached; further increases
in fuel-to-oxygen ratio increasing the delay. On the basis cf the existence
of this minimL.i delay region, v'- would predict by extrapolaticn that the
ignition delay-s for stoichiometric ethylene in air would be about the same
as those nk:asured for equivalence ratios of 0.1 or 0.2 in the mixtures with
8 0%m argon; thus at 1 atm, the anticipated temperature for a 1 millisecond
delay would be 14O0-1450'F (compared to 1550-1600 for MJH).

The quantitative ignition behavior of ethane was similar to that of
ethylene. Ignition delays depended upon pressure to the inverse finest power
throughout the region studied. A minimum in ignition delay with equivalence
ratio was observed centered about an eculvalenee ratio of 0.5, but this mini-
mum was much broader and less marked thcai with ethylene. A low fuel concen-
tration region in which the influenoe of temperature on ignition delay was
lower than normal was also observed, bounded by an ethane concentration of
about 10- moles/liter. However, the effect of reactant concentrations, in
particular oxygen conventration on ignition delay was much less for ethane
than for ethylene. Thus, although in very len and dilute mixtures these
two CG2 's have about the same ignition delays, in mixtures of greater practical
interest (i.e., 20% total reactant) ethane has ignition delays significantly

lar .....h wl-i• d in fact tnese ,L in the region charaeteribtic of
the highur wolecular weight paraffiris.

The data obtained for ethane ignitions have boen divided into three
regions of independent variables, and approximate correlations obtained for
ignition delay Ln each region. The correlating equations are given:

1. Very lean and dilute mixtures with

(C2HH) < 10- m/1
- , [I /*.... k• It/_, - 8. ,oos1Q910 [T(G23 - - J -i0.0 +

where T is in seconds, (Cpll) in moles/liter and (M) represents the total
concentration of r-,l species including inerts.
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Figure 68. IGNITION DELAYS FOR FTHYIFtJF
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n-Dodec ane

By modification of our rroeedure in maki.ng up the fuel-oxygen-inert
premix, it was possible to extenC rhe range of mixtures of n-iodecane studied
to slightly higher fuel concentrations. The modxfication involved naking the
premix up to a lower Lotal pressiu-; thin, oihL- a few exporivmnts no-aid be
made from each tank of premix. The maxlmim n-dodecane concentration obtained
in this way allowed us to study lm fuel plus oxygen in argon at ý_ equiva-
lence ratio of 0.5 and a 9%m fuel plus oxygen at &-n equivalence ratio of 0.1.

Ignition delays for these mitrres showed close correspondernce with
thuwe for n-octane under the same condi+ion.- both in absolute magnitudz and
in response of ignition delay to ehanger in experimental variables (i.e.,
temperature, equivalence ratio, concentration, and pressure). Thus, the
rewults obtained with these additional mixt.±res offer support to our previous
conclusion that n-octane can be used as a model compound for predicting the
Ignition delays of heavier n-parzafins.

Decalin and 0-Nethyldecalin

Similarly, the concentration range for decalin-oxygen argon mixtures
was extended by making up the premixes to a lower total pressure. In thds
case, additicnal mixes of 10m decali- plus oxygen with an equivalence ratio
of 0.2 and 20%m fuel plus oxygen with 0.1 equiv- ence ratio were studied.
Ignition delays measured for these mixtures folltwed the same pattern
observed for the lower concentrations of dp1_nl - the ig- on dclcay for
decolin was Idea.ieul to that for methylcyclohexane at the same conditions
(i.e., temperaturae, pressure, equivalence ratio, and concentration). Data
for one of the mixtures studied are compared with those for MEH n FInure 72.

Two mixes with cz-methyldecalin as fuel were made up to fairly low
fuel concentrations (1% and l4m fuel plus oxygen, both at 0.1 equivalence
ratio) for exploratory determination of the ignition behavior of this bicyclic
naphthene. Measurements with this fuel gave ignition delays which were indis.-
tinguishable from those of decalin (and W311). Apparently the methyl
substitution on the decnl-4n ho- '-0C [;- l)Tuc or s ignition
delay. ,

Methane

Ignition delays were measured for one additional nnthane mixture,
84•m argon, with an equivalence ratio of 0.1. We believe these data presented
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in Eýure___2 give a re.listlo lower bound to the ignition delays which can
e- pected ec iin metnane-air mixtures at moaerate pressures. These and

prei..........at at somewhat riu-ier but more dilutc mixturea (APL-TDR 64-100

Pt TI) indicate an inverse first order dependence of delay on total pressure
and a temperature coefficient corresponding to an activation energy of about
25-30 kcal/'le for ignition of methane in lean mixtures. This is in contra-di +,stinx t o c• , +_-- • .. .. -.... ' .. ...

.......... ..t aet •+atLo energy of 4,-5 al/mole indicated by the data
of Skinner and Ruehren an& Aisba et (las' Ninthi Syn)-osium cn
Combustion, p. 195f' (%63)] and our own earlier data for mixtures on the rich
side of s-toichiometrie. The present body of data for lean mixtures is inade-
quate to define the drcendence of ignition delay on the separate concentra-
tions of owygen zu fuel. However, the data indicate that in f he :'egion
Sid~ed d..eiays decrease with increasing oxygen coiicnt-rg-ion and increase
with increasing fuel concentratior probably throughout the whole region.
Thus increasing the equivalence ratio above the value of 0.1 at vaiah the
"_,.ent measurements were made will certainly increase the delay above the

measured value.

Examination of Experimental Method and Eluipme-at

A second major area of work undertaken has been to determine
experimentally the limitations of the present m.•thod and equipment (as used
for the past two years) and to consider the capabilities of additional
instrumentation for improving both the accv'-acy and kind of res•its obtained.
Since these experiments were aimed at examination of experimental methods,
they were restricted to fuels and mixture ratios which had been examined
previously. Thus, the resuLlts presented in Tables 83 throegh 86 in the
Appendix do not cc ý!r new fuels uv wider ranges of conditions than those
previously reported .)3) The conclusions based upon these experimental
results may be grouped into three general categories: 1) those bearing upon
limitations of our method for determining ignition delays; 2) the potenti-
ality for improvement o. detection of ignition delay by using observation of
infrared emission from the igniting gas; and 3) the possibility of obtaining
additional information on pre- and post-ignition phenomena by observink,
infrared emission as a function of time. Because the use of infrared detec-
tion equipment was ai integral part of each of these categories, a brief
description of the equipment used is given before further discussion of the

Infrared Equipment

Thc additicLal "quipmfliL utied allowed observation of infrared
emission at specific wavelengths from the gas before, during, and after
ignition. The observation of infrared emission is made in the same plane
(approximately 17 feet from the diaphragm of the shock tubes) used for
measurement of visible light emission and observation of pressure. The
radiation is al2owed to pass through a sodium chloride window into the
iaDnocbromator of a Beckman IR-7 infrared spectrophotometer. The mono-
chromatic radiation separated by this instrument is detected by either an
indium antimonide detector cooled to liquid nitrogen tem erature or a
copper-doped germanium detector cooled to liquid helium temperature. The
signal from the detector is amplified by a Tektronic type 122 low lvvel
preamplifier and then fed to an oscilloscope where the intenaity of the
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emission at the frequency set on the monoohromator is diaplayed as a Punctitn
of ti-• - Scvcral fr-quenAuiets could be examined under the same conditions by
repea-.t- the experirieni in the shock tube with the monochromator set for a-
different frequency for each run.

The principal advantage gpaned by observing infrared emission is
th .bi.ity to detect, thW appearance and growth of concentration of particu-
lar molecular speciec. If the frequency observed is properly selected, it
can be clearly associated with the presence of a particttlar molecular species
(e.g., C02, HOO. CO). Thus, the observed event of ignition using this method
is the appearance of the species associatei with the frequency being followed.
Furthermore, since the intensity of emission is dependent upon the concentra-
tion of the emitting species, the possibility exists that the time histories
of concentrations of particular species (during the combust on process) can
be obtained from the infrared emission traces.

Limitations of the Experimental Method

The objective of the experiments ii the shock tube is the measure-
ment of the Lime between heating of the gas by the shock wave and the
detectable onset of combustion. In our equipment, the measurement made at
a given point along the tube is the time between passage of the shock wave
and the combustion front (or wave). Fundamental to the interpretation of
tni.s measured quantity as proportional to the ignition delay is the assump-
tion that both shock wave and combustion front are well-developed fronts
moving along the tube at the same, constant velocity, with a fixed distance
between them. This condition is approximately met in our apparat-uS exce=pt
for mixtures in which it is possible for the flame front to develop into a
detonation. Then, the first formation of the flame front occurz some
dJstance behind the shock wave. However, the flame front accelerates, once
formed, until it overtakes the original shock wave. In one limiting case,
the detonation is fully developed before reaching the point at which it is
observed. Then, the pressur-, and temperature rise and velocity of the wave
are characterxitic of a detonation in the mixture composition and not related
to the shock wave parameters. Under somewhat less severe conditions the
shook wave and flame front have merged but the detonation is not yet fully
developed. These two cases yield no information from which a delay time
could be c.-aLculat•d. They tre easily recognize-d since the appai-enL delay
time is zero (the flame front coincides with the shock front) and the
pressure rise at the front is usually excessive for the conditions of the
experiment. With slightly less severe conditions yet, the flame front has
not yet merged with the shock front at the observation point. An apparent
(but not physically meaningful) delay time is observed in such a case, and
the fact that the flamw front is accelerating is not readily detected.
Fertunetely, such behavior is observed only under conditions very near to
those giving a more recognizable detonation and even then, the apparent
delay is very sensitive to experimental conditions. The nanabhi ity of
detonition of certain mixture compositions places severe restrictions on the
range of mixture ratios and concentrations for which we tre able to study
ign-ition delays with the method and equipment we have been using. For all
of the hydrocarbons studied, no detonations have been observed for even
stoichiometric mixtures containing one percent or less oxygen. At five
percent oxygen, stoichiometric mixtures can no longer be studied and mixtures
as lean as 0.5 stoichiometric have shown detonations. With increasing oxygen
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cn--entr--tion, thde ie able region extends to even lower equivaleLce ratios.
So long as the method used involves some lapse of time follov'ng the initial
development of the Ignition front .-21 the apparatus, before tJ. ignition delak
is measured, there seems little possibility of removing this limitation on
the coqsosition of raxtures which can be studied.

A second apparatus factor which has not been taken into account up
to the present time results from the fact that the shock wine velocity is
attenuated by friction in the tube and moves at a velocity wvlch decelerates
slightly as Vhe wave progresses down the tube. As a consequence of this
attenuation,, :he pressure and tem7,€ratizre rises following the shock decrease
as the wave progresses down the ibleý. The pressure profiles obtained in our
experiments indicate a decrease in pressure following the -.hock of the order
of 6-1i0 as the wave moves from the diaphragm end to the observation plane.
The order of attenuation of shock strenith is compatible with that found by
others in studies of this phenomenon. ,' In itself, this pressure decrease
is not very important because ignition delay is not very sensitive to
pressure. However, this pressure decrease is accompanied by a corresponding
drop in temperatures following the shock. Thus, gas compressed by the shock
wave near the diaphragm end may be heated 50-7560 hotter than gas compressed
by the same wave, later, at the observation plane. In all of the reported
data, the temperature reported ha; been calculated from the shock velocity
measured in the twc-foot interval immediately upstream of the observation
plane. This temperature is very nearly correct for short ignition delays
(<600 psec) , since for these cases the gas observed igniting was shocked
within this two-foot intervaJ. For long ignition delays, the gas observed
igniting was ceompressed =mch ne-n.ir the d .aphr.ag- and to R significantly
higher temperature. A first-order correction for attenuation may be applied
by adding to the reported temperature an increment proportional to the
measured ignition delay, with a maximim correction of 50-75°C applied to the
temperatures corresponding to observed delays of 3500 psec. The effect of
this correction on correlation of ignition delays is to raise the apparent
temperature coefficient of Ignition slightly and to bring the points corre-
sponding to long ignition delays into better correlation with the remainder
of the data. This is shown in Figures 74 and 75. The data are shown in

F•, 74 %.theut correction LI the te mperaturo for shock wave attenuation.

In Fi*,Mue_ a maximum increment of 600C was added to the point with longest
delay and the temperatures for shorter delays were incremented proportion-
ately. The dotted line in F&ure 72 is the line from Figure 74 and the solid
line is the new line of best fit for the corrected points. We have not yet
attempted to review our earlier data to make corrections for shock wave
attenuation. However, data obtained subsequently and discussed in the
following sections have been corrected for this effect.

Detection of ignition byZ Infared Emission

A number of series of experiments were carried out using infrared
detection equipment in order to determine whether this method could be used
to determine the onset of combustion and whether it offered significant
advantaies over visible light detection. Observation of emitted radiation
was concentrated on frequencies characteristic of two combustion products,
C02 at 2300 cm- 1 and CO at 2050 cm- 1 . Of these two, because of the more
intense emission by a given concentration and consequently higher potential
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is_ pal -to-ru-fse ratio in the recordend signa, CYifii "'eared I- b= the mrtrl.
promising comtusiion product to observe.

FiMe_[s 7a and 76b show cal ibrations obtained when 'jm C02 and
Am CO in argon were shock-heate:I to ii temerature of 1250'C. Although the
gains used in a'iplfyiig the two signals were adjusted to give ahout the
same meximum height uf the trace, the hir-her oignal to) nuise ratio obtained
for (0C2 is apparent. For both spc_' e ::, the .Lrd'Crvrd emi !oion (lower traaep
in et-t 'iture) begins to rise, very -lcsely coincident with the pressure
increas.of th .shock wave (upper trace in each picture). For C02%, there is
neither lIF of emission behind the pre.sure, trace which would Lidteate sfon
additional relaxation process between forming hented molecules and the!r
starting to emit, nor lead which -otuld be a consequence of detection of
l1ght reflected ahead of the shock fr(c.:t. The CO emission builds up muich
more slowly to it2 maximuim value.

Withi visible ligi't detection, it has b1.2en obset-ved under detonation
or near detonation conditions that light is detested at the measurement '-ta-
tion as much as 200• Pse,' ahead of the cbock front nressure rise. Such a
phenomenon can rtnlyý be .he Z _"-,ult of ackvti, g light, reflected ahead of the
actual comrnhstion fýront. Thus, particulaa'ly for short; ignition delayt there
has alwSys iboen the question of whether the time of arrival of the combustion
front was being taken erroneously from the detection of this reflected lieht.
In the ease of infrared detection, not only do the calibrations indicate no
sigrn.fic ant reflec t... radiation ahead of the front, but under detonation
conlitions, the delay observed govs to zero (emission eoincidLng with the
pressure rise) as it should. This innrovement in fawsurtwmn t of short
ignition delays witlý the infraLred equipment is probably dcc primarily to the
superior 5i1nlet collimation system used uith the rrmn,

FLM J_6c and 76d shoi, corapari-ons of the 002 (lcwere) Wd visible
light (upper) t'aces obtained in two e xperimtents. T•lress indicete C0a enalssion
starting to rise very slightly after the first vi.:cibl light is observed.
From pictures such as thecie it appears that the onse t of Iombustion Cýan

always (with hydrocarbons) be determined vith at leLt- as gre.t preýcsicn
from the CO2 emission as from visibl i 2 ight, and in some cases (ais in
Figuare 7L6d) with muclh betLter definition. • .77 shows a co parion of a
series of ignition delays determined for a proptc:,e fuel mi ,re ibg both
methods of detection. The agreement of the two ru-thcds is quiat- good dovw
to delays of 50W psec. Below this; vis-iblo light tende to •ndicate signifi-
cn,+tly oh-ýrcr d iily .s, rrbn*bly e eof .t..... rvat.ioI. of ]lJiht refiectoaa
ahead of the combustion zone. In this region delay times determined from (ýCO-
emission are of greater accuracy.

Figure -I shows results from two sets of experi ents. !n each set

(a and b or c and d), the LR emission vas monitored firs+. at ,2300 ca- (,02
and then the experime. t repeated mocnitorizng at 2050 cn-rf (00). Tlee:e traces
show the much better signal-to-noise ritio and clearer definitior of ignition
obtained by following CO, emission.

One f'rther feature of the IR emission traces in m-es 76 .and 77
which should be mentioned is the abrupt decrease in emrssion 10OO-1290 4sec
after the shock wave. This cessation of emission is due to the v:rival of
the contact surface between the driver gas (helium) and the fuel mixture at
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Lthis time. The ar-_rIval at 1000-1200 !WeC of the cvnti, t surface at the
observation window se an upper limit of about 3500 wec to the ifnition
de3ay tines which can, be moasured in this app'ratus.

With.the erie -e sltiUve and accurate method of detection of igni-
tion by emission from C02 in the 2350 cm-n- band of the intfareid avnilable,

. -tnppeared •nusible tn reduce the lower limit of delay times which could be
measured with confidence. Equpnn was assembled to allow control of the

tgg.ring-- of the oscll.oscope uoa=i u display -sne output from pressure
transducer and IR datectar, whir', enabled usin.. a Sigher sweep rate on this
oscililoscope to obt'Ui a higher tie resclu-lIon or the photographic record
of the delay tink! data. While previously, sweep rates were limited 'to L00
tscz/cm or greater, with the additional contrnl of triggering, sweep rates
down to 10 •tsec/cm have been used in recent experiments. With this increased

resoluti"n of data, delay L ties down to about 50 pee have been measurrd; and
we have reasonably high confidence in measurements down to about 100 w&ec.
This represents an increase of about a half-order of magnitude in the possi-,
ble range of measurements.

A few rneauremcnts ý;-i: bzin :m=ade of the initial ratet of increase
or 0O3r concentration fol.owirn ignition of paraff ins in lean mixtures. In
these cases, a calibration for 002 concentration was obtained by running
some auxilliary experiments with a mixture containing no fuel, but 0O02
equivalent to total combustion of the fuel in the mixture being studied.
This gave a signal strength for maximum emission from the mixture following
combustion. Signal strength from lower concenthrations was assumed propor-
tional to concentration. These measurements are digcussed, together with
ignition delay measurements for the compounds studied in the following
section.

vetermination of Concentration Histories of Molecular Species

As A refcrenice for the development of analytical models of combus-
tion of the fuels we have studied, it would be desirable to hay- not only
the ignition delays for these fuels, but in addition measurements of concen-
tration histories of at leas-,. some of the intermediates and combustion
pxoducts during the course of combustion. Since the i2frared monocbromator
and detector system which we have been using detects a signal whose intensity
is dependent upon the concentration of the emitting species, it has a poten-
tiajity' -for prcvidtA4ý thIs tvvPe of' information, we tiaVe inetioodbth
analytically and experimentally the problems involved in implementing this
potentiality. The conclusion reached is that such information probably could
be obtained for a limited range of fuel-oxygen-inert composition-. flowever,
the effort required to obtain such information would be considerably greater
than has been planned for combustion research under this contract. Whether
tils effort world be justified by the value of the data obtained is a matter
that would have to be carefully studied before proceeding further.

The factors limiting c Yositions are the same for this case a. for
ignition delays. Thus, the region of most interest, near-stoichiometric
mixtures oont-ning about 214 oxygen, could not be investigated. In the
study of ignition delays, tne reaction folio-as n near isothermal course up
to the- point of ignition. However, if concentratlomn. were followed beyond
this point, through the exothermic combustion zone, the reaction course wuald
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be nonizotheermal ax1 strongly dependent upon the mixture cowposition, and in
particular the heat capacity of thie inert diluent. The data obtained from
the special conpoaitions vith which we work could nevertheless oe used in
testing analy-tioal mc els of combustxorn kinetics, but not at their point of
greatest inter esx.

The major probi. ms, however, relete to characteristics of the
infrared •--ieson Except for C02, the aignal-to-noise ratio of the detected
sIgnal for the specips of interest does nr>t allow a very precise deterndna-
tion of signk! ixýtenLity. Tho- Intensitty of P-iemtsoai n c -- A&'l aE
linear in ooncentraticni, of the species emitting, hence considerable calibra-
tion would be required to allow Interpretation of data in terms of concentra-
tions. Finally, in thd case of 00, a strong tirnzt-ýci.pendence of the intensity
of emiusion wea observed in the few calibrations which were run. The separa-
tion of this inherent slov rate of r'se ol emission, from the true rate of
anange of concentration with time would probably present a f-rmidable problem
in interpretation.

;gnition Delays of Paraffins With Unusual S-tructewes

:t was decided to reexamine 0.tuctural effects on ignition delays
and to a lesser extent post ignition increase of 00- co.'aoentration, for paraf-
fins, using the newly available infrared detecticn techniques. Of particular
interest were 2,2,3,5-tetramethyl butane and neopentcne, two hydrocarbons of
unusual structure in that -hey are totally branched and contain only primary
hydrogen$. Normal octane and 2,2,3-trimethyl butane wer-e also incorpora-Lteu
in the experimental program for tomparison purposes as more conventional
paraffin structures. Experiments were concentrated in a fr!_rly narrow range
of operating conditions: 2-1/2 cand 4*m fuel plus oxygen and equivalence
ratiob of 0.1 and 0.2. M'st expv.1ri-nit were done at i atmosphere pressure,
but a few at 9 psla. flecause of the decrease in the lower limit of measau-
able delays dc'vn to 50-100 lisec, these compounc's could be studied over r,
wider temperature range than was previously possible.

Experimental results obtained are tabulated "a the Appendix
(Tables 8 h.,90). In th' s- tables, temperatures have been corrected
for 0hock wave attenuation, byý atding to the temperature obtained from shock
wave velocity measurement, an increment proportional to del.ay time (17'C/
mill second).

Fiture 78 shows examples of oso!!oeope -tracces cbt-"Ct-d iiumruJn,
expeaiIr~nit. The upper trace in each case is the ouatput from the pressure
transducer and is used primarily to indicate the time of arrival of the shook
wave at the measuremen.t plaxi.•. (Oscillation superimposed on this trace is
due to m-zh~nloal ringin.) The lower tracu is output from the IR detector
monitoring 2350 emrr and is approximately proportional to C02 concentration.
F_..•e 7-6awas obtained in a calibration run with a mixture of COp, oxygen
.aid argon containing C02 equivalent to that obtained in complete ccmbustion

of the fuel mixes. Observed at a sweep rate of 10 paec/om, these traces
indicate that response of the COp detector leads tio pressure transducer by
about 5 Lso•em- This lead" is presumabbly due to in4periect aligrnmnt of the
ins ruments. In subsequent experiments, delay times measured were corrected
for this small offset. The trace also indicates rapid rise of C0s emassion
following the shook, and the level of emission to be expected from complete

S.. ., . ... . .. . i . .. I . .. .
•il- I I 1 • = ' •1 I 1 I I I I" ) 1 I I-
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;gonbn , t I . .R.sults fruown the ignition t'xp'eriWotsi.-, Ttated an ultimate

jevý1- o. CV. 2.hIsslcn cerrespoudtidrj fo.) C,-"rneb C' 6(outtion of carbon in
flýel ' CO2 under a-ll cnditions stud Ieo. Fw •ireQ and c, observed aL
2{"0 !ec/cm, ohow• xults Cr2-r ignijtIn experitmcrPts resuh -1:. g in fairly short

7iaww n aeý au.: The rise of CO 2 erieslion foC1lowing ignition is nearly
lintar in tiTe for th• Firs 'xX) Z ,c. ad wich sLwflwr itan ttv- rtý,io observed

,with the ca-lxbrat1ic- 4½ "ndicatizbg net- w"121~-cyl fnrmation of C02

duke tilte aombnrs-t--m pmene t-n ~'Ire 5,a 0 weOc/owl) and1 FigrJr-
( .rO• Ane.cw. chew urusuai i bwnaaviox co•,rietent.\v observed with all of the

-observed j.i_ the+1 nxprým'acrnts 7ut1hr short, dlocv? crnditlons.

002 emission r aawhes a . attealu !s m \se< 100 W -otf ioLnitlon,
which pe(rsits uniti about 2'.0 jxsrc after the s) ,;kuave passag'. The level
of the piRteau is ebxo.ut hUf the .e'el for 'oip ete ccMbnstion. No expiamnt-
tion for this behavior `Ls 7fflared.,-n subseutent interpretatltn of dat-a,
this behav.iort ht, nut bleren taken iato•ccount.

Ignition delay resa)t8 obtained with th- paraffine' followed the
seineeneral patterns observed pr'thiouc ly. DýeIfy- r,. Q 0p.,J.a were aboW! 50-
50-6 higher at 15 and 25 psLa. No o'ted of jr-ec.b•u- xs oevez-ed bvtwee1.
15 and 25 psla. No siAnifiant effect of equi vaienoct ratlo wsc-. detectea
between 0.1 and 0.2. The effeot of tempei'ature Ji :rasonably r.presented
by an effective activation enerer- for tonI h;,-,, ,-P .;h,,,I itO I-no/n. - ho
effect of oxygen concentration is significant but indicates a dependence of
ignition on oxygen concentration somewhat less than first ordur. These
trends are indicated by the data shown in Figure 79 for ignition of n-octane
under a vr•ioty of conditions. Delay times for the highly branched
2,2 3,3-tetramethyl butaue and neopentane showed the same trends with
pressure, temperature and concentrations, but were about a factor of two
greater than those for n-octane. These are shonn in Figure 8- and 81.
Delays for less branched 2,2,3-trimethyl butane were only slightly shorter
than those for 2,2,3,3-tetramethyl butane.

From these data it is concluded that ignition delay is not greatly
influenced by the character of the hydrogens in the original fuel hydrocarbon.

The highly branched neopentene and 2,2,3,3-tetramethy! butane contain only
primary hyr'.ogens, while n-octane contains predominantly secondary ones, and
the intermediately-branched cowpoundb contain tertiary bydrogens. However,
this iack of influence of hydrogen character may be due to hydrocarbon
cracking prior to ignition, which would cause the delay to b mnore dependent
on the chawaciter of tije cranking fragments than on the nature of the parent
hydrocarbon. Tsang 3 8 ' has studied cracking behavior of these hydrocarbons
and finds rate constants for cracking of 104 sec- 1 or higher ir the middle
of the temperature range which we saudied. 'However, since the activation
energies for cracking are much higher than for ignition, Tsang's results
would suggest that there may be a change in the character of the ignition
process at lower temperatures where cracking is slow compared with ignition.
On the other hand the difference in behavior of the two types of hydrocarbons
(i.e., methane/ethane vs the highly branched ones) uay simply be due to the

fetta h r o lQ. Lzavvý mQL anyt~ udegreec of v.ibrational
freedom and hence the chance of localizing sufficient energy in any one C-H
bond coincident with a collision with an oxygex. atom or molecule is very much
greater. The shorter ignition delays and complex temperature response of
ethane and ethylene would tend to support this suggestion.
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In the examination of the post-ignition appearance of ,O2 It was
found that the initial rate of appearance (over at least the first lOO-00
Wee) following Unition may be described by:

R , k(C*-C)

where Ci is the ultimate (total combustion) concentration of CO. and C, the
current value. The rate constant, k, was found relatively insensitive to
temperature, with an activation energy of about 7 kcal/mole or less; and has
a value of 193 see-" in the middle of the temperature range studied (<ZP•O0"K)t
No significant effect of oxygen concentration on this rate was found. no+-
obtained for CO0 formation !rom n-eotane arp eiho- -n Fi!UC cc. The ukst
signifioant ohpervat'on I•-, i_- thc low activation energy for post-ignikion

... A. ine indication is that combustion proceeds at a rate nearly
independent of temperature, after ignition, and that a matter of several
milliseconds will be required for relatively complete combustion. It should
be pointed out that these results are limited to quite lean mixtures, however,
hence the conclusion may not be safely extrapolated to near stoichiometric
conditions.

Small-Scale Subsonic Combustion Tests

In order to study the combustion properties of endothermic fuels
and reaction products under subsonic nonditions, a small-scale combustor in
which fuel can be burned over a wide range o-' operating condition5ý w,
designed and constructed. A first version of this equipment was constructed
as a part of the previous contract. Its decign and application to the burn-
ing of propane, MH and toluene/3H5l: as fuels have been descirbed.1) Under
the current con-ract a moditication of this equipment was undertaken with the
objectives of improving fuel-air mixing in the precombustion region, and of
facilitating quantitative measurements of the radiant emission from flames.

An assembly drawing of the redesigned combustion chamber is shown
in Figure 85. The major change for improvement in fuel-air mixing was in
decreasing the area of the tangential slots by which air enters the mixer
(part 22 in F_!e__83). Decreasing this area by a factor of two raises the
velocity of tangentially entering air to near sonic velouity. The remaining
changes were wade to facilitate viewing the flame radially through the window
at part 15 with a radiometer in order to make quantitative measurements of
flame radiation. The head end flange (23) was changed in order to bring the
flAm neaqrerr to the vi-_4-1 ..•_ ,.. Th c ombusinoab- 6 ~ ••t

allow water cooling of the metal walls. A target tube was installed opposite
+h- viewing window to provide a cold background for viewing the flame, so
that radiation seen is that from the flame gases only, with no significant
contribution from the walls. To assure adequate cooling of the target,
cooling -water for the jacket is brought in directly behind this piece. Con-
st.ruction of redesigned parts for the combustor and assembly of these parts
into the new configuration was completed.

Prior to installation of the radiometer, preliminary tests were
undertaken to determine what effects these modifications might have had on
the operability of the combustor. Two sets of tests were carried out; one
with propane as the fuel, and one with toluene/3f[2 as fuel; both with a
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constant fuel flcw of 5 lb/br. The operable ranges found for these two fuels
are given in Table 71. The only problem encountered In these tests was the
inability to sustain combustion of the small pilot-Ignition flame. However,
it was possible to Ignite the main flame with Just the spark-ignition device,
though less smoothly than with the pilot flame.

Table 71. STABILITY LIMITS IN MODIFIED
SMALL-SCALE COMBUSTOR

Fuel Flow: 5 ib/hr
Fuel Preheat: 450"F
Air Preheat: 450OF
Combustor Pressure: 1 atm

Equivalence Ratio

Fuel Lean Limit Rich Limit

Propane 0.8

Toluene/3H2  0.7 1 .4a)

a) Blowoff not yet observed, but flame bright-
ness indicated richer mixtures would not be
of interest

The limits obtained for stability of propane flames were somewhat
narrower than with the previous configuration. Part of this effect may be
due to absence of the pilot flame, but it is probably due primarily to cooler
combustor walls. No significant narrowing of limits vas observed with the
toluene/3He fuel. Even in the new configuration, both fuels seem to have
sufficiently broad stability limits on both sides of stoichiometric to
accomodate our proposed test program.

No further modifications in the constru'ction of the combustor have
been undertaken to date. However, if further experimental work is to be
carried out, it is recommended that: 1) the pilot flame holder be redesigned
to provide greater shielding of this flame from the main air stream in the
region of attachment, and 2) that a 1/4-inch diameter stainless steel rod,
placed diizietrically in the head end of the co7bustor be tried as a flame
holder to given broader stability limits.

The radiometer acquired for use with the coffbustor .. ' ". L,.••d and
No;-,- ,ip "RV.antube", with a short focal length and sap-,''.hie wti Mooel
88ýL -A48-K601-9lP-S). This has been in3talled on the qubL.onic -;ujI . t:
view the interior of the combustor radi::liy at the fur,,h i sot r-.• '-sow.
The instrument is essentially a thermopile with -an opt S ........ r focusing
radiation from the small area viewed upon it. The output from the thermopile
is dependent upon the radiant flux from the viewed area. With sapphirE
windows, the flux is not ser.ously attenuated at wave-lengths shorter than
4.5 microns. The manufacturers calibration for the instrument used indicates
an output of 24.3 mv when viewing a blacklbody at 14000 C (total flu.:, 1.4 x 105
B-u/hr-ft?). In intprpretipg cuar measrements, we have ossuned that the opt-
;,ut from the "Rayotube" is proportional to the radiant flux down to the region
outputs encu-ntered (at 1.0 mv), Thus, for each coin...tion. a flut ao-

r-vbt backbody t'nmperature are calculated:
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E (mv• t (1.4 x 105) Btu/hr-ft 2

TB (3000)t _460OF

Series of tests were carried out in the small-scale combustor
(Table 72) with both propane and toluene/3H2, using the "Rayotube" to monitor
total radiation fluxes for propane of 5000-7000 Btu/hr-ft 2 and 6000-8000 for
toluene/3H2 . The lowest fluxes were associated with the richest mixtures in
both cases, presumably because of the lower flame temperature and lower pro-
duction of the emitting species, C02 and H20. There was no indication of

radiation from carbon particles with either fuel.

Table 72. RADIATION MEASUREMENTS FOR
SMALL-SCALE COMBUSTOR

LR 9669-28

Fuel Flow: 5 lb/hr Pressure: 1 atm
Fuel Temp- 6oo-650°F Air Temp: 450°F

Equivalence Rasotube Output E TB

Ratio (mV) (Btu/hr-ft 2 ) (°F)

Propane Fuel

o.86 1.118 6500 930

0.93 1.235 7250 970
0.975 1.185 6820 950
1.27 0.975 5720 888
1.415 0.75 4320 8o0

Toluene/3H2 Fuel

0.95a) 1.18 6950 955

1.03 1.19 6950 955
1.15 1.28 7750 985
I. 2, 1.09 6380 925

a, Pure toluene fuel.

PLhysica-L Properties Program

Because of the need for the availability of the best possible
* .• ,, rnperti•,s data for endothermic fuel systems we have been engaged in

Sn:. thm ,ori.ts cf v'rious methods of estimation andc uoroplation. The
- - '*.-rvc 7,, to •:rntr, -• data available generally to rTople associated wi h

.... •.•1.:.i.ca n �,�................t effort. The study .las involved rai;•,

i,,-::,ietaay prog:rr and the AIChE pro~erties progra am w



AFAPL-TR-67-114
Part I

attempting to select the best features of all three. All three are available
as IBM 7040 computer programs. Output from the programs was cross compared
with each other and with values hand calculated from selected literature data.
As it turned out a considerable portion of our difficulties arose from "bugs"
residing in the AIChE program and one of our own programs. These "'us"
have now been exterminated and the program we are now using we believe to be
the best currently available. Data will be generated, using this system, for
a number of the more promising candidate endothermic reaction systems.
Results for the first of these, methylcyclohexane - toluene - hydrogen, are
presented in the Appendix covering temperatures up to 1600°F and pressures
to 3000 psia.

Because of its complexity, and, in part, its proprietary nature,a)

no attempt has been made to provide a complete description of the physical
properties program used in this report. However, portions of the program
are present in the AIChE Physiepl Property Estimation System, descript-
tions of wh4ch have been published by the American Institute of Chemical
Engineers.b/sSJ Moreover, literature ref'erences to the original methods of

calculating physical properties are listed under a separate heading at the
end of this report.

Mixture rules used were those recommended by either the API
"Technical Data Book - Petroleum Refining 41 ) or by Reid and Sherwood.42)

The internal program and tie AIChE System now give essentially
identical results and both have the desirable ability to utilize available
experimental data to increase the accuracy of estimated properties. For our
purposes, a disadvantage of the AIChE System is that it was intended to
be used for equipment design and therefore generates irrelevant information
and requires excessive computer time. The internal program gives desired
properties only.

Methylcyclohexane-Toluene-Hydrogen System

"The physical properties of MCH, toluene, and hydrogen are shown in
the Appendix in Table 91 through 94. Properties of pure liquid MCH and
toluene are presented in Tables 91 and 92. Properties of gaseous toluene,
hydrogen, and MCH are to be found in Tables 91, 92, and 23. Table 94
contains properties data for the gaseous reaction system:

MCH -- Toluene + 3H2

for 0, 25, 50, 75, and 100 percent conversion. However, the mixtures are
keyed in Table 94 headings by mole fraction composition as follows:

a-I j The proprietary pro:gram most relied on was the work of G. W. Lundberg
vnnd D. C. Whitney of our Physical Chemistry Dept.

An .... arnalre b contributor 1o the ATClIE prograxn (D. C. Whitney)
WEC', •lso uised.5)-

a",
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Table Headings
(Mole Fractions in Mixture)

%MCH Reapted MCH Tol

0 1.0 - -
25 0.429 0.143 0.429
50 0.2 0.2 0.6
75 o.077 o.231 o.692

100 - 0.25 0.75

Corresponding calculated weight fractions are also shown.

Estimated maximum errors for the program are shown in the following
tabulation:

Percent Errors Estimated
to be Less Than

For Pure For Pure For Gaseous
Physical Property Liquid Real Gas Mixtures

Density and/or Compressibility Factor 1 5 5-10
Thermal Conductivity 5 5 15
Heat Capacity 5 2-5 5
Enthalpy 5 2-5 5
Viscosity at High Temperature 5 5 15
Viscosity at Low Temperature 10 5 15
Latent Heat of Vaporihation 3
Vapor Pressure 1
Surface Tension 3

For gaseous mixtures, the indicated maximum errors apply generally
in the pressure range to ca 1500 psia; above this probable errors may be as
much as double those shown. The program does not provide an automatic method
of including data through the critical region. This is of concern only for
pure MCH in this case since the low critical temperature of MWH (570 0 F) makes
the possibility of reaction occurring to produce toluene and H2 extremely
remote. To obtain properties through the critical region the appropriate
liquid and vapor phase data should be plotted and the values estimated by
interpolation.

Description of Methods Used for Extending or
Estimatirn Pure Ccmponent Data

PV
1. Compressibiltty Factor, Z = RT, and Gas/Density calculated by

the method of Redlich and Kwcng, Ref. 43 and Ref. 52, Chapter 7.

2. Liquid Density, from

P - A-BT-C/(E-t), t ; Tc-55°F

with constants ir<'m Ref. 41. Extrapolated to Tc by means of the Guggenheim
relation,

P!P 1 -:- R(T-TR)'/9 + b(l-TR), Ref. 44
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5. Gas Voit (Ta-),e 94) by the meth.,,i of W'lke (low pres~u~re)
and L and Stir1 .h1b . r1pPpf_,r 9. aqV

rcoe oonAwj) ure nu' lkiown ,,iv arc •.ttk1 by the Method of St:-j and

Thodov, P'f. 46. Ex- .."meintally derived ccnsta.ts arc, also given In this
refere u -

4. Liquid Viscosit_, by extxap-lating frco two 'xerrlmental date

t)1 j- A - (B~IT, Ti=, . 7

Ex >rapo-latd 1- T., by the method of J-......, '1tiel Pnia focdu, Rc-. 4,.

5. Gas Thermal Conductivity, by the methods of Chung-Bronile Welks
(low pressuxe) and Stiel and Thodos (high pressure) Ref. 42, Chapter 10;
Re ", 41P, 48, 4q,

6. Liquid Lhermal Coovductivit, ex-Lrapolited from a single datum
or estlmaued by the -nethod of' Robbins and Kirzgrea. Ref. 50.

7. Gas Lnthalpy, calculated from the Redlich--Kwong equation of
state. Ref. 43 and 51. Prossire correction for +he heat content is

HT - HT - PV--RT - 3- ln(l b)

8. Liid Erthe-n'. found by adding the cor•i•butlons of coI.res-
sion (to saturation *eso-ue')and llquefar.tion to the ideal gas heat content.
The Redlioh-Kwong equation of state was usei to estimate the effect of
compression; the Watson correlation,

-R V X Mi~] A*v 58l-7TR

was used to extrapolate the heat of v-r,,,rization data.

9. Gas Heat apa2itj, found by nunjerical differentiation
(Lagrangian) of gas heat contents,

liquid heat content.

11. Freezing Point an, Boiling Point, Ref. 51, 52.

P. rital Propert f. 55, 54.

13. Acentric Factor, Qalculated from vapor pressure tables,

Ps°
W - -lo -- - 1.0EL

where Ps@ - vapor pressure at TIR - 0.700. Ref. 55, 56.
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1 ..H.t of Com.bustion at F, Ref. 5

17. F-r-ee Frfy-ts1 of Formati, :n •t z, e Ref. 51.

lb. Fire-hazard pruucrties, Ref. 58, 59.

I. Information in the literature continues to indicate arctc in

which hydrocarbons would have a distinc• advantage as fuels for high speed
a c±'eaft. A paper by Ashby and Stone points out tie adverse effect on maxi-
ra D of ýni4 crea.e-Ig aircraft vclunvŽ at Mach 6. ndcatlozio-r thata
thii6 spt-wi ½! lowz -ing of L/D max could be reduced by about 4,,. While it
is true that this advantage will diminish with speed, it should remain an
important factor over a considerable portion of the speed rarne up to Alash 12.
It is anticipated that work by Marqupardt Corporation and U2ited Aircraxft
Research Laboratories will serve to more closely deline2ate the tradc ffs
thut can be expected.

2. Work by Marquardt Corporation has shown the effect of heat sink
equivalence on the limiting Mach number obtainable uith a scramjet engine.
On thiL basis, significant "benefits would accrue to increasing the presently
obtainable heat sink available from naphthene dehydr'ogenation. This indicates
that incr-eased attention should be paid to the pmssibilities of dehydrocyclo-
zation type reactions. This will be dope with tailored type molecules such
as bhs-2,6-dimethylcy71loheryl and l,4,5,8-tetranetlkydecals.,i. Successful
dehydrocyclization of these molecules should raise the reaction heat sink by
about 50%. Other reaction types include dehydrogenation of polycyclic
naphthenes, butcdiene cracking: and dehydrogenation of methylamine to cyanogen.

'z. Benefits in the handling and storage properties of fuels are
possibli by tailoring properties of the fuels by the use of mixtures. These
could be very significant. Accordingly, we have con-ýainued to study the
react; rity of binary mixtures over Pt/A12 0 3 ; spec-fically, in this report,
DCH with MDHN, DHE and MNH; DHN with Mi{, and DOH with MEH. Although each
component affects the reactivity of the other component no catastrophic

about maintained. However, we are concerned about the effect of v-arious
components on catalyst stability and we are continuing study of this aspect
of the problem. It is anticipated that con.siderable flexibility will be
possible in designing into the fuel and sort of iolatiiity, viscosity,
lubricity, freezing point, and other properties which will result in optimun
engine and airraft design.

4. We have finally arrived at a consistent method of caluulating
and extrapolating physical properties of the MtH-toluene/3H2 system for vari-
ous mixtures over the range from -2000 F to 1600'F and pressures up to 3000 psi
(although cata around the critical region myv still be uncertain). The method
finally selected is based on the AIME! program plus two proprietary programs.
We will now go on to determine the applicability of this program to other
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N fI sy ýten such e -the decalin and DC}. bystems. These w-e Lsaderably
rwrrs rnomnlinstcd; i. ni-il ,t~han Wit~h 7411 ri &' +1p 4-14-nl4. r...--.I

1
1

have a Min 4 mjn of five ccýrpcnents and the IXfl syrtem a minnMaZn of fcux.
Also, less experimental data is available in the literature which may
necaes'itate obtaining soen in the laboratory.

5. We have re-examined the ox)saibili y cf utilizi propane as a
fuel from two diff-rent aspects based on the possiblitity of obta, iug hi1
conversion is-. a c-raciid reaction to methane an' ethene. Two different
approaches to a catalyst for this reaction are being, examined. One involves
the introduction of a highly dispersed or va1o.rizfd Wtrongly acid catalyst
sucl as an acid treated zeclite. The othe' involve:, he po-ssibillty of
generating free radlcals to act as ctalyf:ts for the cracking. High conver-
sion in this reaction would give about the same týtal heat sink as would the
WCH dehydrogenation but would have the advantage, if 'uccessful, of utilizing
a low pressure drop throwaway type ocataly It. So far, however, it has not
been possible to develop a suitable catalyst.

6. number of addld fonal conventJ nal type dehyl )genatien type
catalysts have ben made in which a catalytic metal is placed on a suitable
:upport 4nd utilized as a bed. Variations in both the catalytic metal and
the naturt- of the support ha% e been investigated. Although several catalysts
which are more active than our standard laboratory catalysts have resulted,
nothing in the nature of a "breskthrough" has been achieved. So far rela-
tively limited excursions from the presently active combination of platinum
on alumina have been nade. Work in the future in this area contemplate i
increasing the number of metallic components and also studyixg the incorpor.-
atiun of a wider variety of secondary elements in the support.

7. A desirable objective in the development of new catalysts is
t, wodify the geometric arrangement of the catalyst in the bed to reduce
pressure drop. In trying to achieve this objective we have been looking at
the possibiliity of placing a catalyst on an open strueture which will prnesent
less resistence to the flow of fluids. Such shapes are semicommercially
available. However, depositing platinum on the surface, does not produce
an active catalyst, probably because the low surface area of the shape.
Attempts to increase the surface area by initially depositing a finely
divided alumina (Baymial) has been tried and a reasonable level activity
observed. Other possibilities of this gfeneral nature will be pursued in the
future. Another method of reducing the pressure dron we are following is to
utilize a disperse phase catalyst wnich will ne carried along with the fuel
through the reaction system into the engine. The most desirable type of
catalysts have extremely high activity initially which rapidly drop off to
the more usual level of catalysis. This type of catalyst we are studying
in bed form but with primary interest in the very early stages of reaction.
in app)ication the catalyst would be introduced in fuel in the form of Sa
extremely finely divideJ powder. Another method of introduction would
involve incorporating a solid soluble metallic organic compound intd. the
Puel and having it vaporize and proceed through the reaction zone unchangedS.. . ....rb - ..%.- .. *' -... .. -.. ... 4....... ... .. .. .t4l nt J -... .

az r pnz ;'at 'V..LJyol or deaaros .&VLA) a Ut) lMCMc uLj1eU ata.LYr0U 1- tILAt jJUrU.L-
bility is being investigated by heating MCH in an autoclave with various
metal composites and observing if reaction occurs. Some indicates of reac-
tive catalytic materials have been found, although conversions have not been
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targe. TMe "'Et r•,fi tLve ma-- ial gave Wo Ait 1ni ctn,' - r iorn This tteprcll
will te explored Prther,

8. Modifications on the power input and termperature nrasurenents
on the FSSTE hay- been instzlled, These have Irrcvcd t.-v con.rol erAi ,per-
ettrg ... lb 't•, of t-c. equiyxeit as well as wpr-vig the pi- isiie orf the
dala ubtaineA. 4-udies on the th, rmal reactiun cf propane has Leen c,.1 ntpd

uoveting the range of space velocities u" to 00o, lemprntlr'os j, ton ",j
k" tit-'WS to es 400 psi. Resuls e, a•batd. i t tHil :lig! cu. temper ture that
can be tolerated in 'he reactor tube 1s about i.h00F unaer otiliiti-xns that
we have investigated to date and that the maxinur reaction ineat sink that can
be u:h eyed in thermal crac ing is about 500 Btu/lb. Further work was dot,
with pýopane using a chrome/alumina ca 4 alyst for dekydrogenatior to propylene
and bydrogor. This gave us an opportunity to investigate the etfect of a
different catalyst configuration on this reaction. Results were comparable
to those obtained in the laboratory reactors; it was possible to achieve
equipibrium conversion but activity decreased rapidly d-,e to coke formation.
If laborato:ry studies succeed in de lopiiig a satisfactory catalyst experi-
ments utilizing a catalytic crackir• catalyst in this equipment will be done
in an attempt to bring about the conversion of propane to methane and ethane.
TL' next fuel to be tested iLn the FSSTR will probably be decalin with the
UOP R-8 catalyst.

9. One of the major objectives of the present contract has been
to develop a satisfactory mathematical model for the reaction system in
order to allow engine manufacturers and aircraft companies to utilize it in
mating the rea dion system to the heat sink requirements of a ramnjet combus-
tion chamber. The model under development during the last contract has now
been brought to a more satisfactory state of development. It has been
rewritten in a form less demanding in both machine and himan time. With the
program, we have not only been able to simulate the reactions taking place
in the FSTFTR in the MtH-Pt/A, 2 08 system, but we have also been able to simu-
late operation under various conditions that we have not been able to achs'eve,
as yet, experimentally. Thus we have been able to calculate the effect of
very much higher flow rates, higher heat fluxes in terms of the temperature
profile and pressure drop, to vary the bed length and to study the advantages
and disadvantages of muiltiple adiabatic reaction sections. Though the pro-
gram is giving some interesting insights in possible areas of' experirentn+icn,
LOC ?1&R fi~es ',''e very much beyond those that we were able to invesLigate
up to the middle of the year. Accordingly, we fabricated a short (2 foot)
test section which wP-T -ubstituited for the third section of the FSSTR, allow-
ing us to study heat fluxes approaching half a million Btu/hr/sq ft of tube
surface. In the first series of runs with this section satisfactory operation
was achieved at heat fluxes up to 300,000 Btu/hr/sq ft. However, as the flux
increased the model results departed increasingly from experiment, in the
direction of lower conversion. Reasons for this will be sought. Another
modification of the model was accomplished to have it represent the case in
which heat is being delivered to the reactor f'rc- only one side 'shlb
geome'try) a situation most cI-t to prevail in an actual use situation. This
has yielded interesting results; however, it will be necesswry to confirm
them by experimental values. A possible ccavenient experimen al setup has
been dpiised and will be assembled and utilized in the next cpriod.
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.10. One of the varlables arfecting the re&ztion of hyvrooPrbons toShig~h "--mkv3atule conditi,1ons is the amoit.nt of ýJfr c, lved nx,,Ten In the fulel -0

Sth- timt I. - ex-oosed to tht thermal stress. However, tne degree to whioh
deoxygenation is beneficial appears to be an attribute O1f the particular Piel
involved. Witt pure DHN little h1*nefit if obtine, acurdin to 51) Coker
recycle recults, by reducing the 02 content below about 8 ppm, whereas. with
?-EH ben 'fits accuee doun to at least 1 ppm whilst with a mixed highly naph-
toe!.nic Jet fuel .ontaining a broad mixture uf components much lower and as
vt incompletely defined limits Appe--Rns be op.rativ. . -Lbe.r his is a

function of [he types of -c undo present or whether It. is tn attribute of
t. to Conxnents mix vill have to be determined in subsequent. work. In the
mewxtinv? we have completed a more comprehensive unit for determining thermal
stability of fuels as Well as catalytic activity and the thermal stability
of reaction products. This is the O.AFSTR, which has performed well at
teirperatures up to ]2W0 °F at iCOG psi. However, with the material used in
the rod heaters (Inconel), which provide the heat exchange surface, it is
virtually impossible to rate the tubes by appearance as is done with cokers.
Accordingly we are investigating the possibility of assessing the conditions
of the tubes by determininp the change in heat transfer characteristics
calorimetrically, which of course, will yiel.' e much more meaningful
attribute.

11. We established, in an earlier contract, by analysis and by
visual and phot.ographic n•-ans, that the (simulqted) products of endothermic
reactions could be burnied succes;7fully in a small-scale subsonic burner if
the hot products were initially mixed with air prior to beig ignited.
In order to establish this more firmly we obtained a radiometer to view the
radiation more critically. The virtual equivalence of the radiation from
propane and toluene under a variety of conditions we feel confirms this
without fear of successful contradiction. It appears unnecessary to do
additional work in 'this area except with fuels of higher molecular weight,
unusual structure or following thermal cracking.

12. Our contribution to determining the supersonic combustion
properties of our candidate fuels and their reaction products has been
limited to determining Ignition delay times in our single diaphragm shock
tube. The results obtained have established that the ignition delay times
obserivd with mes h hydrocarbons of carbon numbers above 2 are relativel],
indifferent to molecular weight, structure or to the presence of substantial
amounts of H,2. This eviden+.ly P+- th factlu t'ht ["it.- primary step 4i
the oxidation involves the remval of a proton by 02 to form an 02 H or OH
radical. The ignition dela:' then should be related to the weakest C-H bond
which is ordinarily a tertiary or secondary one. This is borne out by the
sluggishness of m--Lhane and to a somewha• lesser de-re•e,, ethane ct-in-
However, rather surprisingly, two other hytirocarbons, lacking secondary or
tertiary hydr-ogen atoms, tetramethyl butane, and neopentane, had IDT's close
to those shown by the majority of hydrocarbons. Not a great deal of iuddi-
tionsl. work will be done with the shock tube as fo.i as determining IDT 's
are concerned. Some work will be done *.16n high density fuels such as
$h.lldAy, which are ;-.-P rather unsual structure. Another possib.iity not
y-t fully explored, would involve getting estimatez of the rates of comlms-
tion from the rate of increase of thui coi •entration of combustion products.
Another area which has not been explored involves the use of additives to
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reduce fli's but whe--ther thit coa d lead to a pxaotical avplication would
nave to be established before undtrtakire arl investigation uf this kind.

13. A bibliography of references of interest is included in the
Appendix of this report. The present listing ns-t-tsAts tr. -inn!,tde all
referencE;s published sin-3e the compilation of our previous literature
surveyfO or which vcre overlooked at th rt. 1. - .-

14. A. 1tFues Fv.ik.ateit Tl 11 +hn 1-1- of is o +i-f i *' I
the bench scale evalunation work done on var•-u•.-us candidate '. is is l
This is an extenoion of a table previously pitblished (Table 6, TDf-44-1C0,
Pert III, p. 255) and mey be of interest in making a quick comparison of the
reactivity and properties of different compounds. However, it does not
include FSSTR data and should not be used in making definitive application
evaluations.
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Calculation of Contact Time

In our reports we have usually used either LHSV or the mass flow
rate (G) to designate the feed rate. In order to facilitate an appreciation
of the residence time in the reaction zone, we have expressed the relation-
ship between these values and contact time under a variety of conditions.

Figures 84(a) through (e) give the relation between contact time
and temperature for mass flow (G) of lb/hr/sq ft, length (L) of 1 foot and
void fraction (e) of 1 at 0, 25, 50, 75 and 100% conversion. In order to
relate G and LHSV the length of the tube must be given. For example, for
MH in a 2-foot tube at a LHSV of 1600, with L = 2 feet the contact time
with R-8 catalyst (e = 0.54) the nominal contact time (61 at 50% conversion,
1000°F, 800 psi would be

0= t -Le) and G=LHSV(96)

= 7.2 x l10 (2 x o. 4)96 x 1600

= 0.05 sec.

This is only a nominal va.ue siaice it assumes that the f--w.Ing mixture con-
sists of a 50% converted tW.H feed (i.e., 20%m M4H, 20%m toluene and 60%m HI).
Since the conversion actually increases from zero to 50% as the MEH proceeds
through the tube, a point-to-point calculation would be necessary to obtain
the true average contact time (this is an average contact time since some
molecules will spend more time in pores than others).

Another example would be useD-d: MrH., P = 600, E = 0.54., LHSV =
100, T = 900CF, 100% conversion in a 10-ft tube.

S=- 3.6 x l1s (10 x 0OO

= 0.41 sec

Pulse Reactor

In a dispersed phase catalyst system the catalyst will be in contact vi'h the
reactants for about one second or less. Thus in this system the initial
reactions that occur when the reactants first contact the catalyst surface
will be more 4Mportant in determining the product material composition than
will the reactions that occur under steady-state condt..ions. One way of
stud'•in, thes,' initial reactions is by means of the pulse reactor technique.
in SuC` a system an inert carrier gas (e.g., helium) flows t,1ouagh the
react or cor'a-nuousl-. At the desired time a small amount of feed is injected
n.to the cz-r'ier gas stream und subsequently passes over the catalyst as a

S.The products, or a slip-stree.m sa-.ple thereof, are led directly
-r r GLC for analysis. This affords a rapid method of studying initial

'......... • UnPins. Other advantages of usIng a pulse
,,at studies , be m%,e: a ry high space
1,'.. .1...S of f aed, e _ (" also ;Ihre on]y a small amcuor,,t

"A: ." lrc..:.," " bo,. cons§.derations it appe.... desirabe to
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ir )r1arn( -the c: e reactor I ec'Lni que int 141- 7
tho"ogh with s-uch a system the data is nct necess ari -I Yob-•bu•"" k; e'

state conditicn. Accordingly one s~ection of our !aborat,-v d(1t -•O ý? '
system was modified in the following manner so that it could also be uised as
a pulse reactor system.

Li our laboratory reactor system the furneace is 26 in. overall
length and contains four heating elements of lengths 4", 8", 8", 4" located
from top to bottom in that order. The outer shell of the furnace extends
one inch beyond the top an( bottom of the heating elements. The furnace
consists of two hinged halves and opens lengthwise. Each half contains a
heavy Meehanite liner with a groove dowan the center to hold the reactor tube.
When closed the grooves form an opening 7/8 inch in diameter.

To modify the apparatus for use as a pulse reactor, a secondary
ftunace liner was fabricated from a 7/8-inch stainless steel rod (No. 416),
13 inches long. A 0.257-in. diameter hole was drilled down the center to
accommodate a 1/4-in. OD reactor tube. Seven holes were drilled radially
from the outside to the center hole in which thermocouples were cemented.
The thermocouples were 1-1/2 inches apart and the top couple was 2-1/2 inches
from the top of the liner. The thermocouples were situated so that the- just
touched the reactor wall. This secondary liner was placed in the Meehanite
lters at the very bottom of the furnace and extended one inch belo"; the
bottom heating element. Figure 85 shows the construction of the secondary
liner and its position in the furnace.

The reactor was a 1/4-in. OD stainless steel tube (No. 304) with
0.028-in. wall. An 1/8-in. OD thermowell can be fitted into the reactor at
the bottom. Feed is injected into the carrier gas stream with a syringe pump.

ft ~1 .~+v. anynie~~ of the c-:-:t ga:-L:ld to -h- 51.O ,ia a hae ed
%Thu•e reac1to • s yQstem t+il1zae the same temperature and prestminr controls
and measuring devices as are used for the standard reactor tube. Thus the
standard laboratory reactor can be converted to the pulse reactor by merely
installing the secondary liner complete with thermocouples and reactor tube
into the furnace, and connecting the syringe pump and the heated lead to the
GLO. Figure 86 shows a schematic diagram of the pulse reactor system.

It should be noted that if desired this apparatus can be used as a
small dimension continuous flow reactor and was actually used as such to
study propane cracking.

Micro Catalyst Test Reactor

The micro catalyst tess reactor (MICTR) was completed and the first
test run made with the reference catalyst (1% Pt/0OF _.-8 Al,0 3 ) at the end of
October 1966. Since that time, 262 runs have been made with the MICTR. The
design of the MUCTR is shown in Figure 87. Figure 88 shows the layout of
the overall opparatus and 8imre9 _howc details of the furnace block
ar'• react~or t',ibr construction. The fee,0 line pressure gauge was eliminated
t, rdu'-e fec holdup1 and check valvo: was tnstrf!e in the feed lin-e to

.... .yeo. cuod out at 662. 752, and 842 0 F block

.•wlurewib -ii" L •suil!y at LP2"V 100, and 10 atm pressure. H<ydrogen

254
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AIAPL-TR-67-114Part, I

formed during the reaction is sufficient to maintain the pressure; no aidi-

.ltional hydrogen is added. Samples at each temperature are bled at 3, 8, and

13 minute intervals into an Aerograps GLC unit, and the conversion of XCH to

toluene determined from the ratio of the respective peak areas. It is

necessary to recharge the piston puxmp after testiig at each temperature.

Catalysts (10-20 mesh granules) are diluted with 10-20 mesh quartz granles

(0.9 ml:l.l ml) b .ore charging giving a bed length of 4-1/4 in. in the lower
end of the 1/4-in. diameter thin walled stainless steel reactor tube. Cata-

lysts are reduced 20 minutes at 797 0F in hydrogen at 1 atm pressure before

testing. Space velocity has been varied by changing catalyst -•o -•• , nsi:n

a constant pump rate for MCH.

Temperatures have been measured at the outer skin of the reactor
tube, 1 in. below the top and 1 in. below the bottom of the catalyst zone.
An additional measurement is made in a thermowell at the very end of the
catalyst bed. Up to run 140 the thermocouples were brought dcwn parallel to

the reactor tube via a closely adjacent slot in the block with the isiAjir-
bead held in place with Sauereisen cement. This provod mec.hanical'. 'a:ý o-
factory, however, and the couples were then ,vought in via a slot near the
edge of the block and then by a right angle cut to the correct csit•.on; the
couple beWOs were cemented so as to touch the reactor tube (cf igure FO).
Temperature drops of 30-40F are obscrved with very active catalys .... 3, %

block temperature.

The MICTR was operated in the catalyst preparation iaboratory up V

run 96 and then =m moved to another location. Shcrtlyi after th 2,diff!"i
with the reproducibility of the activity of the reference catal'st i9!74-K,-
was experienced. During about a month's period various Tossible -e"' c .
of procedure were made to obtain greater reproducibility. DvnirE this -e'-i'
11 test runs were made and the following overall probable errors for the
and 13 minute samples results were calculated which are of consequence on2.y
when comparing candidate catalysts of high activity with the refe.ence
catalyst: 6620F, 29 ± 4% conversion; 7527F, 52 t 5 converic-n; and 02'F,
72 ± 7% conversion. Periodic checks for temperature calibration ;or +•t..
control and recording instruments have been fou-d necersary. Thisws
after runs 105 and 220 which changed the base data for the reference catn yw.
Values close to the above mean values are usually obtained if the fMc7 :f
hydrogen gas used for catalyst rp1~ction is n+ cut off unti. t0e puo
started (and a temperature drop observed), and the gas flow restarted jut

before the pump is stopped, during each test poriod. It seems best to retesc,
the refeience catalyst once a week for best data alig,_ ent with ca..ly7':
evaluated during this time intervl.

All the results obtaied at o IU5-_-CCD _re listed in sequence
Tabler U and those at M~SV 72C'n Tal - fth'7c~x
left cut where mechanical or r roob:±emc.:~uio .do
-f the data obtc .ned weae in O t in nTuc:. cases the catalyst vere
retested.
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Table 73. MCH DEHYDROGENATION WITH VARIOUS CATALYSTS
IN MICTR (uiSV - 100)

Period: December 1266 to February 1967

Conditions: 10 atm pressure. Catalysts reduced in H2 for 20 min
at 796°F. GLC samples normally taken at 3-, 8- and 13-min opera-
tion at each block temperature. Catalyst volume: 0.9 ml.
Catal]yst diluted with 1.1 ml quartz chips.

7RuiCatalyst _ _ % Vat Convcrelcn
Ru Cata9874 Catalyst Description I --No. lH o, 9874- 5 *7 2 F84 F

3 24 It Pt/R-8 Al12  .28, 25 48, 43, 46 72, 68, 60
(Reference) j48a) 30:a) -

19 24 I5 Pt/R-B A12 -23, 18, 18 49, 47 160, 57, 58
(Reference) -, 47, 52 1

6 90 2 Pt/R-8 AIf2  31, 28, 28 57, 51, 47 60, 65, 63
(Reference)

7 180 26 Pt/R-8 A1203 27, 26, 34 54, 48, 46 70, 64, 64
4 418 Expt'l. I" metal 2, I, - 23, I, 05 5, I, -
5 41C Expt'l. 21 petal 59, 23, 1 1S, 2, 0
8 190 Expt'l. 1; metal 17, 9, 9 20, 18, 12 37, 29, 22
9 398 5E9t'0. G;: etal 20, I, 3 34, 10, 1 4, i,
10 56A Expt'l. If metal I, 0, - 0, -, - 0, 0, -
II 33 Bimetallic, I and 3i 20, I, I 2, 0, - I, O, -
12 22C Exptl. 5; metal 0, 0, - 0, 0, - 0, -, (932-F)
13 S7A Expt'l. Iý aetal 0, 0, - 0, 0, - 0, 0, (9321)
14 658 Bimetellic, I and I,% 28, 26, 27 !3) 42, 45 -,

15 65A Bimetallic, 0.5 and 0.5 -, 27, 22 50, 46, 45 79; 77. 67
16 23 Expt'l. G metal 8, 6, - 9, 8, - 39, 13, 11
17 638 Bisetallic, I1; and 1i. 20, l8. 17 31, A, 16 37, 7, 2
18 63A Bimetallic, O.X and 0.5% 20, 16, 13 33, 28, 24 10, 3, I20 671 P Boetallic, I', and ;t'j I, 19 -, !9g 43, 3 73, 53,

21 94A ExDt01. 2'i metal 22, 17, 17M 49, 27, 27 30, 25, 30

a) Mter 842F run. (CoLa inued)
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Table 73 (Contd-1). MIH DE'YDROGERATION WITh VARIOUS
CATALYSTS IN MICTR (LHSV = 100)

Period: December 1966 to February 1967

Conditions: 10 atm pressure. Catalysts reduced in H2 for 20 min
at 796'F, GLC samples normally taken at 3-, 8- and 13-rin oper-
ation at each block temperature. Catalyst volume: 0.9 ml.
Catalyst diluted with 1.1 ml quartz chips.

4Rim' Ca ta1t*st I % C onversion
Run CO, 9yf5,,Catalyst Description C

No. No. 9874- 662"F 752-F 842"F

Avg 24(rer) 1% Pt/R-8 A.1, 28 t 4 52 3 72 7
22 948 4% metal/support #2 -, 20, 14 43, 59, 40 58, 57, 56
23 7e2 2% metal/support type #1 ?4, 25, - 54, 50, 48 71, 64, 65
24 73 2$ metal/support type #1 ?5, 25, 22 50, 49, 48 80, 77, -
25 71 2$ metal/support type #1 '2, 18, 20 453, 45, 59 68, 72, 63
26 67A Bimetallic; 0.5, 0.5% type #1 10, 13, 14 35, 51, 28 45, 37, 56
27 66B Bimetallic, 1, 1%, type #1 22, 18, 18 37, 35, 55 50, 52, <1
28 58B 2$ metal,81 support type #1 -, 27, 28 47, 44, 42 75, 62, 66
29 95A Bimetallic; 1, 1$, type #1 -, 27, 27 64, 56, 54 79, 80, 79
30 958 Bimetallic, 0.5, 0.5%, type #1 537, 41, 37 52, 51, 49 74, 72, 75
31 96 2% metal, type #1 52, 29, 50 60, 57, 57 81, 74, 75
32 65B Bimetallic, 1, 1$ type #1 24, 28, 26 51, 54, 47 74, 69, 71
35 97 Bimetallic, 0.5, 0.5% 23, 24, 18 47, 142, 42 79, 50, 36
34 98 Bimetallic, 0.5, 0.5$, type #1 20, 2-, 20 46, 435, 42 72, 62, 58
35 99 2% metal, support #5 -, -, - -, iv, 0.7 0.5, -, -
56 103 2% metal, support #8 - 0, 0 0, 0
37 105 2% metal; support f8 0, 0 0, 0
38 58 1 metal, support1 29, 22, 50 47, 50, 45 61, . 68
39 95A Bimetallic, 1%, 1% support type 41 35, 32, 28 57, ;5, 54 b5,(70),65
41 101 12$ metal, support type #1 - 0, 0, 0 0, 0 , 0
42 102 11% metal (suflided), support type #1 - 15, 18, 16 15, 8, 10
43 107 2$ metal, support type #1 33, 52, 52 60, 65, 65 87, 86,-79
44 108A 2% metal, support type #1 37, 30, 31 65,65,60 91 82 82
45 Shell 405 Classified 56, 42, 58 8] ,, 8%) 80 b)
46 o10 10% metal, support tv-. #1 - 5, 4, N 5, 5, 1
47 113 Bimetallic 1, 10%, u-pa.ort type #1 26, 25, - 56, 55, 51 78 75, 71
48 112 2% metal,support t.pe #1 51, 29, 31 50, 49, 48 (76J,68, 65
49 111 1% metal, type #7 53, ý56, 50 55, 56, 55 82, 75, 72
56116 2% metal, type#• , 0, 0 0, 0, 1 5, 0
58 Shell 405 Type classified 31, 31, 54 61, 59, 57 71,072,)73bý
59 117B 8% metal, support type #1 31, 50, 30 65, 65, 80 91, 89, 87
67 11188 2% metal, support type #1, puriC dried (118*) 28, 35, 35 57, 53, 50 71, 71, 70
70 118A 2% metal, support type #1, purif. dried (500) -, 34, 5 62, 62, 59 76, 87, 88
71 120 Bimetallic, 2, 11%, support type #1 -, 29, 25 -, 45, 51 77, 78, 74
72 117A 4$ metal, support type #1 55, 33, 53 59, 59, 60 90, 95, 69
74 124 10% metal, support type #1 -, 11, 11 19, 15, 12 18, -3, 1
75 125 10% metal, support type #1 21, 21, 27 57, 57, 59 84, 81, 81
77 21C 2% metal, 2.7% CI, support type #1 1, 0, 0 4, 1, 1 2, 1, 1
79 1•5 Bimetallic, 2, 5%, supMort type #1 29, 29, 26 52, 55, 55 57, 60, 57
80 131 4% -netal, type #1 58, 54, 35 59, 58, 57 74, 75, 72
82 130 

4
$ metal, type #1 2, 7, - 6 - 9, 66, 65 85, 68, 85

85 132B 2%metaltype#1 3,4,5 5 62, 59, 58 85, 86, 80
84 1521 2%metal, type #1 40, 40, 6 70, 69, 64 88, 86, 86
85 15-270 Bimetallic, 2, 8%, support type #4 -1 - -1
86 155 2% metal, support type #1 -1 -1 -1
87 156A 2$ metal, support type #1 --1 -
88 157 Bimetallic, 2, 2$, u-pport Lype #1 _a .a
89 140B 10$ metal, support type #2 16, 14, 12 25, 20, 18 31, 16, 15
90 140A 10% metal, support type #2 29, 26, 26 44, 45, 44 70, 70, 70
91 140C 10% metal, support type #2 25, 25, 25 50, 4, 41 45, 58, 59
92 141A BLmetallic, 1, 2$ support type #1 1 1 -1
95 141B Bimetalli, 1, 24 support tyý, .1 I 1 --1
94 159 1% metal, ,:pport 1..pe Al r'6, 5, 55 69, C-D, 55 85, 75, -
95 141C Bimetallic, 1, i%, support type #1 5 25, 2) 22 4q, 45, 45 60, 58, 54
96 142A Bimetallic, 2, 11%, support type #1 ,6, 50 47, , 4 1 53, 59, 503

Moved ýICTR to new location
97 159 1% metal, support type 41 <3,(.5) 40 , 65 t 35, 8s, 84
98 142D BRsietall-ic 4, l11 support type #i 1' 57, 637 8, 81, 68

100 - Reactor tube filled with Ii;artz cnly 0, 0, 0
101 2?4 if rýtl, 3urpor* t:rpe ',, 9) 7, 79, 78

105 159 1- me-tsl, 1 upport type *1 ,-, ,
104 1.7A 2% Ietal, support type #4,J < ( <1
105 7 1% 'retal, supp -t type V 1 50 ',(

106 :,4c) 1% metal, support type 41 1: ,'5, , 0 0 79, 70, 75
107 2. 1% metal, support type 4l 5, 19,68,68
I1&)S 2-. 1% net a , support 1ye~L . 65,6' f
a) in1pregrvtir.e rolutio:,n .f-r: fr2,r Itit !tr oatalyst -. (Continued
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Table 73 (Contd-2). M3H DEHYDROGEA ION WITH VARIOUW

CATALYMS IN MICTR (LHSV = 100)

Period: December 1966 to February 1967

Conditions: 10 atm pressure. Catalysts reduced in H2 for 20 min
at 796°F. GLC samples normally taken at 3-, 8- and 13-min oper-
ation at each block temperature. Catalyst volume: 0.9 ml.
Catalyst diluted with 1.1 ml quartz chips.

% MCH Conversion
Run Catalyst Catalyst Descript•ornC
No'. No. 0874- 662*F 752"F 8,2"F

110 139 1% metal, support type #1 32, 28, 28 45, 50, 44 80, 70, 69

111 7 1% metal, support type #1 56, 29, 28 64, 55, 52 89, 77, 76

112 152B Bimetallic, 2, 2% type #1 22, 2, 2 28, 2, <1 10, 1, 2

113 130 4$ metal, suport type #lpurif.,932" muffled 28, 29, 28 6?, 55, 51 89, 78, 78

114 142B Bimetallic, 4%, 10%, type #1 (5000) 28, 31, 28 52, 55, 55 77, &, 76
115 Bimetallic, 2, 2%, type #1 25, 23, 27 43, 4,, 15, 60, '8, '5
116 24 1% metal, support type #i 34, et, 28 63, 56, 55 90, 80, 78
117 151B Bimetallic, 2, 2%, type #1 28, 19, 9 45, '/,, 27 79, 74, 68
118 15lCa Bimetallic, 2, 2%, type #1 18, 17: 16 58, 27, 25 49, 14, <1
119 152Aa Bimetallic, 2, 2$, type #1 0, 0, 0 -1 <i
120 152C Bimetallic, 2, 2%, type #1 28, 18, (9) 44, <1 42, <1

121 148 5% metal, type #1 39, 52, 50 60, 57, 55 81, e5, 80
122 2 4 a) 1% metal, type #1 57, 50, 31 54, 58, 55 68, 6', 65

123 155) Bimetallic, 2, 10%, type #1 51, 32, 29 56, 55, 52 63, 67, 66
124 142"1 10% metal, type #1 <1 2, 10, 17 21, 12. <1

125 I 0 0bj Metal + F, support type #9 0, 0, - <1 <10

126 2 5Bb 1% metal + F, support type #1 0 0 0
127 25A) 1% metal + Cl, su8 rt type #1 0 <1 <i

128 156Ab) Bimetallic, 5, 5%, support type #1 30, 30, 217 55, 50, 49 70, 71, 6?

129 HC•77) 0.8% metal, support type #1 31, 53, 31 56, 54, 54 80, 77, 80, 65
130 24" 1% metal, support type #1 32, 35, 31 58, 56, 54 84, 81, '#5, 75
131 2 4 6bic 1% metal, support type #1 - - 79, 75, 72
132 156Bb 4% metal 37, 35, 34 61, 60, 57 80, '-), 83

134 24 1% metal, R-8, A12 03  29, 29, 26 56, 50, 50 79, 7, 71, 70
1 5% metal, R-8, A1203  23, 13, 6 1, 1, 1 0

2136 4 1% metal, R-8, A1203  28,(37),30 50, 49, 47 73, 73, 70
137 139 1% metal, support, type #1 32, 33, 30 56, 54, 54 90, 7?, 77
138 157B Bimetallic, 5, 5%, support type #1 31, 29, 25 58, 50, 49 68, 64, 56

139 157C Bimetallic, 5, 5%, support type #1 "0, 32, 31 62, 57, 57 76, 78, 76
140 160B 4% metal, support type #5 33, 34, 23 56, 52, 49 78, 75, 73
143 160A 4% metal, support type #5 27, 28, 28 52, 52, 47 70, 70, 71
144 119A 2% metal, support type #7 33, 38, 37 64, 68, 6' 89, &9, 88
145 119B 4% metal, support type #7 38, 32, 30 63, 59, 58 75, 67, 75
146 27 1% metal, 1% Cl, support type #1 7, 2, 1 5, <1, 1 1, <1
147 24 1% metal, support type #1 2ý, 40, 52 59, 57, 53 80, 7, 74
148 26A 1% metal, 1% F, type #1 20, 20, 55 46, 34, 27 4, 17, 8
149 161A 5% metal, support #6 28, 26, 23 37, 50, 30 45, .7, 57

150 161B 5% metal, support #6 36, A4, 33 61, 58, 56 I79 75, 85
151 I1lC 5% metal, support #6 28, 28, 24 47, 44, 4' 57, -, 55
152 155B Bimetallic, 3, 2$, type #1 - 27, 25 44, 46, 6 '5 63, 51
153 155A Bimetallic, 3, 2%, type #1 1, (22),. 13,(l1), 1 i5, 11, 5
154 133 Bimetallic, 2, 5%, t•pe #1 24, 2, 26 I 52. 51, ,5 , 70 , ,5
155 72 2% metal, support type #1 31, 50, N 5i, 53, 5r 7 77
156 121A 10% metai, support type #le) 40,(26),17 6 4', 6 1
157 121B 30% metal, support type #le) 47, 41, 9 8 ,2 ; ;

a) New reactor tube.
b) Hydrogen flow left on until temp drop occurs, and hydromC-n flow started before pi•.-p stcppe~d after last

sample taken.

e) Reduce, ,t 9 tJ°F cr:'e test.
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Table 73 (Contd-3). MNH D•mYDROGENATION WITH VARIOUS
CATALYSTS IN NICTR (IBSV = 100)

Period: March-May 1967

Conditions: 10 atm pressure. Catalysts reduced in H2 for 20 min
at 7969F. GLC samples normally taken at 3-, 8- and 13-min oper-
ation at each block temperature. Catalyst volume: 0.9 ml.
Catalyst diluted with 1.1 ml quartz chips. LHSV = 100.

ibm CtaJ.,at [% MCH Conversion
Run Catalyst Catalyst Description MHCneso

No. No. 9874- 662 0F 752°F 842°F

159 16TA 0.76% metal, support type #1a) 24,(42),30 61, 60, 56 87, 85, 80

160 24(Tef) 1% Pt, R-8 A1203  26, 27, 27 49, 46, 48 72, 71, 64

161 lOSB 1% metal, R-8 A12 03  33, 37, 35 62, 65, 60 82, 85, 85

162 165A 1% metal, R-8 A1203  18, 21, 23 47, 32, 30 51, 42, 8

163 111 1% metal, support type #7 42, 47, 39 57, 70, 61 86, 88, 81

164 168A Bimetallic, 2, 2%, R-8 A1203  30, 37, 32 58, -, 56 83, 80, 79

165 168B Bimetallic, 2, 2%, R-8 A12 03  0, 0, - <l <1

166 169A 2.4% metal, support type #10 24, 20, 28 51, 51, 49 67, 70, 61

167 169B 2.4% metal, support type #10 22, 24, 22 37, 38, 32 44, 44, 42

168 171A 2.4% metal, support type #10 22, 18, 17 8, <i,( ) 11, <1, -
169 171B 4.4% metal, support type #10 20, 15, 18 17, 26, 25 21, 14, -

170 24(ref) 1% Pt, R-8 AlpOs 27, 27, 29 49, 56, 54 76, 75, 70

171 171C 2.4% Pd, suppo-t type #10 -, 8, 7 14, <i <i

172 173A 0.5% metal, siipport type #10 15, 10, <1 8, 5, <1 6, 3, 2

173 173B 0.5% metal, .-upport type #10 <i, 2, - 6, 7, 5 8, 7, 6

174 173C 0.5% metal, sipport type #10 <1 2, 2, - 2, <1, -

175 173D Bimetallic, :,.5, 0.5% support type #10 5, 3, 2 3, <a, - 2, 1, <1
176 183A 4% metal, support type #1 23, 31,(4t 78, 62, 56 88, 82, 79
177 183B 4% metal, support type #1 -, 26, 24 56, 50, 48 -, 73, 67
178 172A 6% metal, support type #1 0, 0, 0, 0,

179 175A 2% metal, support type #1 35, 32, 28 56, 56, 52 74, 73, 65
180 24 (ref) 1% Pt, R-8 A1,03  29, 31, 19 54, 56, 52 80, 76, 72

181 175B 2% metal, support type #9 24, 26, 25 48, 41, 28 34, 20, -

182 172B 4.4% metal, support type #10 31, 34, 32 62, 63, 56 81, 82, 78
"183 177B Bimetallic, 5, 3%, R-8 A12C3  28, 22, 21 50, 43, 40 58, 56, 52

184 181B 2% metal, support type #10 16, 15, 16 22, 14, 15 2, 1, 1

185 191 1% metal, R-8 A1203  27, 23, 26 52, 49, 56 79, 79, 73
186 24 (ref) 1% Pt, R-8 A1203  21, 23, 18 46, 45, 41 69, 63, 58

187 177A Bimetallic, 3, 4%, R-8 A1203  30, 23, 27 54, 49, 44 62, 63, 59
188 181A 1% metal, R-8 A1,03  24, 24, 29 54, 57, 54 77, 80, 75

189 178A 5% metal, support type #10 0, 0, 0, 0 0, 0
190 178B 2% metal, support type #10 11, 14, 12 28, 17, 7 15, -1, 11
191 178C 2% metal, support type #10 19, 23, 26 45, 43, 43 67, 70, 63
192 24(ref) 1% Pt, R-8 A12 Os 25, 30, 27 55, 53, 50 75, 77, 72
193 183A 4% metal, support type #1b) 39, 38, 36 71, 71, 67 83, 90, 88
194 183B 4% metal, support type #ib) 28, 25, 16 46, 32, 47 65, 53, 34
195 179A 4% metal, support type #10 -, 27, 23 52, 38, 38 66, 62, 55
196 18OA 5% metal, support type #10 0, 0 0, 0 0, 0

197 180B 5% metal, support type #10 0, 0 0, 0 O, 0

198 186 5% metal, R-8 A1203  0, 0 0, 0 0, 0

199 186A Bimetallic, 2, 5%, A1203  26, 31, 32 48, 57, 54 81, 7-8, 74

200 186B Bimetallic, 2, 5%,Alps 27, 30, 25 55, 49, 39 75, 53, 62

201 24(ref) 1% Pt, R-8 A120% 28, 30, 31 58, 54, 51 78, 75, 71
202 197B 4% metal, support type #1 32, 36, 36 68, 70, 67 94, 95, 90, 89
205 g-T,7A 4% metal, support type #1 35, 39, 36 70, 72, 66 195, 92, 89, 88
204 198A j4% metal, support type #lc) 34, 27, 21 33, 34, 34 13, 12, 6
205 199A 4% metal, support type #1 26, 23, 24 54, 53, 54 I 84, 88, 84

206 199B 4% metal, support type #lb) 38, 28:. 2 63, 72, 68 92, 95, 91

207 199D 4% metal, support type #lb) 27, 29, 28 57,, ., rO 86, 90i 87
208 199C 4% metal, support type #1 28, 37, 36 65, 66, 60 b6, 8, 7

a) Pelleted powdered catalyst supplied to the United Aircraft Research Laboratory
b) Muffled at 1092'F for 1 hour in air.-- ) :•.f,: •*..•']'z d •,~p<rt.(Contrinued)
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Table 73 (Contd-4). MtH DE DROG ATION WITH VARIOUS
CATALYSTS IN MICTR (LHSV = 100)

Period: Varch-May 1967

Conditions: 10 atm pressure. Catalysts reduced in H2 for 20 rain
at 796'F. GLC samples normally taken at 3-, 8- and 13-min oper-
ation at each block temperature. Catalyst volume: 0.9 ml.
Catalyst diluted with 1.1 ml quartz chips.

% MCH Conversion
Run Catalyst Catalyst Description 1

No. No. 662"F 752-F 842°F

209 9874.-24 (ref) i% Pt, R-3 A1 2 % 22, 23, 23 56, 53, 49 79, 74, 70
210 9874-187; 4% metal, support type #9 26, 30, 29 57, 53, 50 61, 58, 56
211 9874-200A 4% metal, support type #1 37, 40, 36 69, 69, 6A -3, 94, 90
212 9874-200B 4% metal, support type #1 34, 33, 35 57, 62, 50 87, 85, 81
213 9874-20oC 4% metal, support type #1 31, 35, 34 59, 63, 61 88, 88, 87
214 9874-200D 4% metal, support type #,a) 29, 39, 36 73, 71, 66 96, 95, 91
215 10280- 5A 2% metal, support type #7 -, -, 33 58, 52, 54 85, 81, 75
216 10280- 5B 2% metal, support type #7 31, 37: 35 79, 68, 64 93, 91, 90
217 987 -24(ref) 1% Pt, R-8 support I 23, 24, 24 46, 51, 52 87, 85, 80
218 9874-117A 4% metal, support type #1I -, -, 27 54, 57, 57 81, 82, 82
219 10280- 7A Bimetallic (30:70 atom %), R-8 A1203 20, 15,(22) 31, 28, 28 32, 32, 25
222 9874-191 1% Pt, R-8 Al 2 3  21, 23,(30) 48, 49, 50 78, 69, 76
223 9874-187A Bimetallic, 2, 5%, support type #1 32, 27, 26 58, 56, 51 73, 74, 70
224 10280- 7B Bimetallic (10:90 atom %), R-8 A1203 0, 0, - 0, 5, - 6, 0, -
225 9874-187B Bimetallic, 2, 5%, R-8 A1 2 3  19, 23, 24 45, 46, 47 65, 65, 62
226 9874-188A Bimetallic, 2, 5%, R-8 A12 03  -, 28, 27 61, 59, 57 79, 79, 77
227 10280- 9 Bimetallic, 2, 0.2%, R-8 A12 03  23, 25, 25 46, 41, 37 57, 57, 56
228 9874-2 4 (ref) 1% Pt, R-8 Al203  21, 27, 22 50, 45, 45 67, 70, 65
229 10280- 11B Bimetallic, 2, 0.2%, R-8 A1203  -, 24, 18 30, 40, 34 45, 53, 49
230 10280- 1A Bimetallic, 2, 0.6%, R-8 A1203  11, 11, 12 35, 25, 23 42, 35, 31
231 10280- 10 4% metal, support type #1 28, 33, 28 61, 53, 50 71, 77, 75
232 9874-188B 2% metal, 6% metal oxide-94% R-8 A12 03  25, 20, 22 47, 48, 39 71, 59, 52
233 9874-189A 2% metal, 6% metal oxide-94% 1R-8 A1203  27, 32, 29 59, 57, 55 82, 80, 74
235 9874-190A 2% metal, 6% metal oxide-Yh% R-8 AJ12 03  22, 22, 24 49, 58, 54 79, 82, 76
236 9874-190B 2% metal, 6% metal oxide-94% R-8 A1 2 0 3  18. 20, 19 42, 29, 41 62, 49, 45
237 9874-189B 2% metal, 6% metal oxide-94% R-8 AlO 27, 23, 23 47, 43, 41 60, 60, 58
238 10280- 14 2% metal, 3% alkali carbonate, R-8 A1,0 3  27, 25, 25 51, 53, 55 72, 71, 72
239 9874-24(ref) 1% Pt, R-8 A-10 3  23, 32, 28 54, 54, 52 77, 77, 70
240 10280- 13 4% metal, 5% metal oxide-94% R-8 AlZF) 26,(38),30 44, 46, 47 77, 71, 71
241 9874-192A 2% metal, 6% metal oxide-94% R-8 Al20)2 26, 34, 31 56, 56, 60 85, 85, 79
242 9874-192B 2% metal, 6% metal oxide-94% R-8 A3,03 35, 28, 31 49, 49, 43 64, 66, 55
243 9 8 7 4 -2O0 Da 4% metal, support type #la) 26, 23, 23 47, 48, 44 55, 69, 63
244 9874-24(ref) 1% Pt, R-8 A12 03  35, 25, 23 )8, 51, 47 76, 70, 67
245 9874-200A 4% metal, support type #1 30, 28, 32 63, 65, 61 90, 90, 84
246 9874.-200Ab) 4% metal, support type #1 29, 32, 28 61, 53, 54 78, 70, 70
247 9874-200Ac) 4% metal, support tye #1 39, 58, 36 71, 71, 67 96, 96, 92
248 9874-200D 4% metal, support type #1 25, 29, 29 63, 65, 61 87, 92, 88
249 10280- 161, 4% metal, 6% metal ovie-94% support type #1 23, 26, 28 69, 64i, 62 93, 90, 87
250 10280- 16Ba) 4• metal, 6% met .1 :' de-94% support type # 1 a) 29, 38, 36 66, 64, 61 92, 90, 86
251 10280- 22A 2% metal, suppor, type #1 29, 35, 25 65, 57, 34 82, 83, 78
252 10280- 22B 4% metal, support type #1 31, 33, 30 68, 60, 58 86, 84, 80
253 9874-193A 2% Pt 24, 30, 29 59, 58, 54 84, 78, 74
254 9874-193B 2% metal, 6% metal oxide-94% R-8 A120 3  30, 28, 25 50, 55, - 75, 68, 57
255 9874 -2 4 (ref) 1% Pt, R-8 A12 03  26, 27, 24 47, 49, 49 75, 76, 69
256 9874-194A 2% metal, 5% mý..tal (as oxide), R-8 Al203  23, 25, 24 53, 56, 54 73; 76, 70
257 9874-194B 2% metal, 6% metal oxide-94% n-8 Al.O 3  31, 28, 21 48, 46, 45 67, 62, 52
258 10280- 24A 4% metal, support type #1 34, 29, 32 64, 68, 63 92, 92, 88
259 102P)- 24B 4% metal, support type #1 48, 35, 33 62, 65, 61 Q2, 88, 85
260 102W0- 15B 4% metal, 6% metal oxide-94ý R-8 A120 3  29, 33, 30 62, 59, 54 84, 85, 78
261 10280- 27 5% -Ntai, R-8 Al0 ( O 0 <1
262 100- :,4c0 4% rtil, ,opt t.pi #1 a) 7, 30, 28 6c, 67, 64 94, 93, 88

a) Muffled at 1092'F for I hour in air.
b) LHý;V _200.
c) IJt1 V - 50.
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Table 74. H D MDROQ ATION WITH VARI0tS CATALYSTS

IN MICTR (I1SV = 200)

Period: December 1966 to Februr 17

Conditions: Same as given in Table 7 1

Catalyst Volume: 0.45 ml
Catalyst diluted with 1.55 ml quartz chips

Catalyst % CII Conversion

NO. Catalyst Description .. ..
I FNUo 9 7- 6627F 752"" 8427F

- -

51 24 I% Pt, R4 A120o 23, 20, 20 33, 34, 30 55, 52, S

52 90 2% Pt, R-8 A120, 21, 22, 21 40, 43, 42 59, 58, 56

66 90 2% Pt, R-8 A12O, - 76, 80, 78, 70, 76')

68 90 2% Pt, R-8 Al20, 21, (35), 24 43, 42, 42, 55, 55, 52

7T, 64, 646)

50 Shell 405 Claul fled 26, 27, 25 44, %6, 46 67, 65, 60

53 73 2% metal, support type no. I 20, 20, 17 39, ,9, 39 54, 56, 60

54 95A Bimetallic I, 1% support type no. I 22, 22, - 40, 41, 38 58, 58, 58

55 108A 2% metal, support type no. 1 29: 30, 25 48, 48, 52 72, 67, 66

57 107 2% metal, support type no. I 26, 25, 25 51, 5, 52 61, 61, 61

60 1179 9% metal, support type no. I 26, 25, 23 52, 48, 59 78, 71, 71

61 1199 4% metal, support type no. I 27, 29, 28 43, 45, 43 63, 62, 60

62 120 BimetalIic 2,11t support type no. 1 24, 32, 25 43, 46, 46 63, 65, 65

63 Shell 405 Classified 39, 25, 25 58, 50, 45 57, 57, 58

64 121A 10% metal, support type no. I 25, 27, 23 51, 45, 45 59, 61, 55

65 1219 30% metel, support type no. i (50), 27, 25 47, 4-, 46 67, 63, 63

69 10A 2% metal, support type no. I 00 g1,t)

73 117A 4% moetl, support type no. I 29, 29, 28 50, 46, (57) 64, 64, 60

88, 84, 82)

76 125 10% metal, aupport type no. I . 55, 53, 52 75, 78, 79
75, 75, 79a)

78 118A 2% metal, support type no. I - 55, 57, 52 77, 74, 71

87, 81, Bog)

81 130 4% metal, support type no. I - 57, 55, 55 80, 77, 74

(purified, 932^ au!fled) 87, 87, 838)
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Al3 functiorvil hert ox•rv.ters in the CIAFSTR are identical, as
shown in F1.1 s20 and 91.

Of particular importance is the annular design, permitting re•nval
of th- .r...- tibv fr inspe&ction end ating, and for cleaning ,_' the, entire
As s eembly. TMe inner tube is &Iro the wall of tiU, cartridge beating- ulit. A

the ron to 1- roved after ech tcot. The ,n+,be-" i-i is "itiormea oy f
restricted pFrtion of the awi,", whion centers tne tube.

The outer heat eicchanger shells aie machined from Inconel Alloy 600
1-1/•2' bar stock. The cartridge heater sheaths are. also of Inconel 600, but
other nietaiis may be used for this murpovc if desired.

To avoid fuel channeling, a circumferential distribution ring was
providea at the inlet, while at the outlet, liquid flows without restriction
through parallel slots positioned radially around the end of the heater.

The cartridge heatelrs for the annular heat exchangers are inter-
changeable and each is rated at 2000 watts,220-vac. This represents two-
fold or -more the combined power requirement for beating fuel, heat losses,
and rapid heatup of equipment on startup.

The exchangers for sensilc heat were sized using the s$aeamline
flow equation of Sieder and Tate for beat-transfer o'oefficient,

h - 2.0 1/3,. 01.4D ,Y1 ý 6) * .
where k - thermal condutivity of the fluid, Btu/hr ft°F,

D - annular width, ft,

w = mass rate of flow, lb/hr,

Cp - specific heat at constant pressure, Btu/ibeF,

L - length of the heat transfer surface, ft,

S- absolute viscosity at bulk temperature, lb maesjbr ft,

Ps - absolute viscosity at the surface temperature, lb mass/hr ft.

For a 13-inch long annular heated space, 5/8" % 11/16", and for
MCH, calculated values of h ranged from 50 to 75 for the pressure range of
150 to 900 pi&- ••id temperature range of 600 to i400ýF. Calculated temperature
differences between bulk fiuad and wall varied from 65 to 170*F over these
z"ne sets of conditions.
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A CoM-uter Program for SimulatinE Endothermic
Fuel Reactions in a PFciced Bed Reactor

The program described here was assembled to allow calculation of

the amount of heat absorbed by a fluid passing through a single tube packed

with catalyst. Calculations are made for the steady-state condition, with

fluid flowing through the tube at constant mass velocity and undergoing

endothermic reaction's) when in contact with the catalyst. Heat is supplied

to the fluid through the walls of the tube: 1) due to an axial profile of

temperature imposed on the outside of the tube wall; 2) by flow of a second-

ary fluid outside the tube; or 3) due to an axial profile of heat flux

imposed upon the tube wall. To calculate the extent of heat absorption, the

program solves the set of partial differential equations describing the tem-

perature and concentration distributions in the axial and radial directions

within the symmetrical cylindrical tube. Thus, in addition to the heat

absorption, these profiles of temperature and concentration and the axial

profiles of pressure and tube wall temperature are also available from the

progr--. An "ailiary portion ol -hae program allows analogous calculations

of conversion and temperature to be made for a series of adiabatic reactors

with reheating of the fluid between stages.

In its present form the program makes calculations only for methyl

cyclohexane as the fluid. This specifirity is built into the program in two

subprograms, REAX and RATE. As information becomes available for other

endothermic fuels, alternates will be written for these two subprograms to

allow calculations for other fluids. The remaining twelve subprograms are

independent of the fluid used.

In the following sections, use of the program and a description of

input and output formats are given. Subsequent sections contain a brief

description of the equatione integrated and their physical basis.

Input

Card 1. The first 72 columns comprise an alphanumeric field which

will be printed out as a label for the problem at the top of the data printout.

Column 75 (LIMIN) and column 80 (LAST) are control characters. LIMIN is set

equal to zero for the first data deck loaded with the program. For subse-

quent decks, a 1 in LIMiN calls for card 6 as the next data card; a 2 calls

for card 5 as the next data card; a blank or zero calls next for card 2. A
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1.) o1Y' se anotn#.r dtit. a 1-f-.I r!o- mvI ng rcwfmnnie¶ThrtiLn rhl

1-:iq. d, !rector rai3!US in fret.
1i- 24:- RZACTh, reactor lcngth 'An feet.
25-`5-: DP. catalyst particle diaarter, iii feet.
Mf-40: AF, a crcto lxrorthje nnT sr)Mrp ic6tin

(A runction._ of 1T/R, ranging V rztr. 0.5 for DP IH0. 45 to
0.5"7 for DP/R 1*,.19 to 1.0 far PP/IL-C. Siaii'ar to
Figure 55, Perry, (lierlical Engirierring Hsandboot% e-dition

.9-jO PS.1., fraction. inter~particular wAdcs in bed.
5272 E, Peclet Numbeýr n% 20.0

Cc~rd -5., 5 cýharacter I fornaL fields followed by one .'2
charecter B-formiat field.

1-5: JRBAGT, number of reactions for which calculations saze toI
be made.

$-l0: iCC, number of components.
11-15: M, niumber of radial increments to be used iin cadculationi.

(2 has been adequate in our work). (2, 5, 14, 5,5,,ad
10 are permissible.)

21-25: IPSUP, a control ctaruý-ter. If eqdb-l to "I "nterxiediatt
printout." is suppressed and only tbe. data printout and
'the final tabular printout, will be obtained.

13-2-0: NPRI, number of axial points equally spaced axio-lly along
reactor for whichi results will be printed ouit either in

26 n7: e(rKedaial 'ep lentc th for in thegrnl aation n ee. T
interi axiatl stprintouts1, CR ,fr in thegai. f ina ta latto Thi
length wi).1 be shortened if' ueoeasary by thbe program to

cAI--alnen stab"ilty i1r inte~ratbni.

Card 4 - 5,, 12 cknracter E-fornast fields.

1-12: GAMA, compressibility factor of the flui~d. (A constant
value is rsed for the length of thie reactor.)

13-24: ZKF, thermal conductlivity of the fluid (3tuAr-Ct-OF)
"(A constant value is used.)

25-33: ZHUJ, viscosity of the fluid (lb/iar- VA (A constazat
value -ie used.)

17-4S: HW. effective he-at transfer cctftlM.cirnnt thrnwh -the wall
of the tube. (~tntihr-ftttY*).

49-50: HC heat transier coevfficient outside tube wall (B'i/,hr-frti_& Fn. If flux or outer tube wall tec,7eratume is to
be specified aupnlIy a larg-e number (108iC) f-): P-C.

-ar 10 F5.1 f icit giving the w..)'e tract ioiw of ten pc_5sijbile
components in the fluid. For 101 fuels, the firsat six may be. used. These are:
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3--, 11; 7-i;2; H2; 713-13, t e;- 19-24, an isomer of MCT1 wnich

M1. not undergo reaction to -anf; 31-36, benz.ne.

CArd - 6 E-format fields of 12 characters.

1-12: G, muse velocity of feed k fl/Tir-- f2)
13-2g. P, inLat p;•ssur'e (pid•i)
c55-•'5 TBAKE, -nlet teruc-reture CFF)
37-4s1 initial conversions of th:.-ee poossible reactioi-.

l6-.0:• Tese wi1l nornflay be set equial t zero, except
aO-72: A- en caleiulating the second reactoL- in a series where it

is desired to refer conversions to the feed co-rosition
to the first reactor. In this case the fees composition
specified on Carl 5 would be the initial feed to the first
reactor. For thp MCH system the three *xrazRble reactions
are: l' MCf----• Toluene + 3HM2 , 2) MCH 3 Isomer;

Card '), :'7' J2.4

1-5) I.iLULX, a cont•-ji character specifying the type of
boxundary condition to be used. The value of the control
character also influences the interpretation of '1, data
on this card and the following card (if used).

6-12: NiNOP. E-pecifies the number of E-format fields tc be read
on this card and the fol~owi-g. If ITPR)P is 5 or leos,
the following card wil 1 not be called for and should not
be supplied except when calculating a series of adiabatic
reactors in which case, Card 3 is always called for.

13-24:25-36:
37-48: Boundary condition infor;mzation read runder the name
49- SO: j 3APRO (1), I 1, 5
51-T2:)

Card 5 - o E 12.4. These fields offer a continuntion of boundary
condition information read am DAXPRO (1), I - ), 11.

If IND\C' n 1, the boundary condition information (DATPRO) is
tonted S-0 o.-.C,.4ed t4p,, eec~* +b pnnayr fluii oiiin the.

reactor tube (*F). If HC is madL very lar-e, these temperatures are 1', ef-
fectively the -ats f.de wall tempe-atuwes of the tuie. If NPROP -, 1
temperature is taken aa 9 constant alon• the .Lenth of the tube with ±e valuý .
given by O.ATPRO (I',, XCard 7, coluas 13-24) If NPROP - 2, the temperuture is
taken to vary linearly along the length from an inlet end tamperaturev of
DATPRO (1) to ma outlet end temperature of DATPRO (2). If NPROP 5 or higher,
(up to a maxi•m of 10), the DATPRC values are talen as equally spa:,'d points
on an axial temperature profile. In the program, these specified -.oi;ýts are
fit with a series of parabolas to obtain values for inter,-ediate points aC.ong
the reactor.
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If MNDEXT - 2, the bou.idery condition information ir, referred tc
a -Lecond&r fluid -iurrcun;'..g the tube. tnly the first. three values of
DTPRO are used (PPROP should be set , 5, and Cerd 3 should be omitted)-
Reasonable values should be sup~-ied IOr lc andI.! in this case. DTPRO (I)

is the inlet bnd temperature of t+te secondary fluid (OF). DATPRO (2) is the
flow rate of the secondary fluid (lb/hr). For cocurrent flcil this sbould
have a positive sign and for cctu-tercurrent, a negative sign. DATP>RO (.5) is
the heat capasity of the secondary fluid (Btu/lb-°F).

if iE w 3, the boundary condition information is treated as
a specifie'd beat, flux I Btu/nr-ft 2 ) to the tube. A single speoified value
for a constent flux or a sequence of values for a flux profile are treated
in a manner analagaus to that it-ed for temperature profiles when INDEXI - 1.
The value of NPROP should agree with the number of points specified and
Card 8 omitted unless NPROP is 6 or greater:. Thl flux values as well as HC
&.id TW" shoul.d be based on the inside wall area of the tube.

If INDFXr - 4, a one-dimensional calculation ill be made for
a series of adiabatic reactors. These reactors will all be of the sage
leTnt•h specified by DATPYO 'il) in feet. The number of reactors is given by
NPROP and the separate feed temperatures to these .re given by the first
NPROP values of DLIPRO in *F. The composition of the feed to each reactor
after the first is given by the composition of the product leaving the preceding
reactor. Card 3 is always required for this calculaticn.

Three types of output printing are available from the program:

1) A first page repeating input data; 2) Internediate printouts giving
radial profile information at a selected number of points alon} the reactor;
and 3) A final tabular printout listing beat transfer coefficients used and
giving axial profiles of temperatures, pressuiv &id conversion.

The printout of innut data is reasonably self-expla aatory. At
the top is given the label from the first card of the input deck foliowed by
the names of components and their mole fractions in the feed. The remaining
input data is repeated below in the same units used in the Liput data deck.
The portions labeled ARA=E, BRAjE, CR"SE printoul rate constant parameters
whi.. are built into -.he program in sub.prograw REAMN. The bottom portion of
the r--e gives the boundary condition information.

Th- intermediate prfitout may be cuppressed if not require, as
explained in the input section. Each intermediate printout occupies a sepa-
rate page, giving the number of printout, pressure in psig, temperature cf
the "secondary fluid' in *F, mean conversion in each of the pertinent reac-
tionL, in moles/mole of feed and the mean tem'erature of the reacting fluid.
This is followed by radial profiles of conversion and temperature. The radial
profiles are at equal r2 increments beginning at the centerline and ending at
the outer limit of the packing. Then, the number of steps treden, the reactor
length and heat added uP to thir len- are g±ven. Fi• .j, t"e printout
gives the mean fluid c= positimo in both molle fraction and moles/mole of feed.

273



AFAT'L-TR-67 -i14
Part I

The final printout gives the heat-transfer coefficients used and a
~ ~ ~ U1VIS.USU L U kIU2UUU U El.

NPRLNT equally spaced rpoints along the 'eactor length. H is the overall heat
transfer coefficient from vecondary fluid to the outside of the pac!inTg, HC
and .W are as in-put, the coefficients acrosu the secondary fluid and the metal

reactor wall. HP is the particl.ý-to-fluid heat traisfer coefficient inside
the catalyst bed. The tabular part of the fiial printout lists: the length
(in feet), leae. ad .ed (Btu/Ib), average fluid temerature (*F), centerline
temperature of the reactor ("F), temperature at tle outside of packing (OF),
temperature on the hot side cf ivactor wall (OF), pressure (psig), and con-
versions by each cf the three possible reactions (molesymole of feed).

Numerical Integration Aspects of the Program

1he program operates to solve the differential equations using a
sinr-le forward difference approximation in the axial direction and higher
order approximations in the radial direction for temperature and conversions.
The radial variable used is r 2 , thus increments in the radial direction are
of equal area. The radial increment is set by M, the numbex of radial in-
crements data loaded. From the standToint of computing time, it is desirable
to use a minimium value for M. Our experience has been that the minimum value
of Mw2 has given satisfactory accuracy. Hence, a larger number of radial
increments would be used only to obtain a more precise definition of radial
profiles. The axial step is data loaded. However. for stability of Lite-
gration, a relationship between tae axial and radial step must be met:

where: k is the axial steo (ft)
Dp is the particle diameter (ft)
Pe is the Peclet Number
Rt is the tube radius (ft)

±•ie pr)x3,rn, is arrnaged t,ý automatically reduce tne data loaded
axial step size, if necessary, to meet this criterion. From the standpoint
of accuracy we have fouid no benefit in reducing -he axial step below the
value required for stability. Of course, from the standpoint of computing
time it is desired to uwe the largest possible axial step. Our experience
with computation times is limited to those on an IBM 7040. Here, tie comiAled
form of the program (object d-cks) require about 0.75 min for loading and
0.5-0.7 min for calculation of a ten foot reactor tube (500 arial steps) with
one reaction. The inclusion of the second reaction adds about 0.1-0.2 mrin to
this calculatian. Our exnerimental results with the smaller dianeter tube

.15•xO ft) require. a smaller axial btep for stability (2000 axial
ste1i3 for a 10 ft length) and take a proportionately longer calculation time.
The calculation of the adiabatic reactors goes very much faster since no
stability restriction is imposed and only ce source term is required on each
axial profile. For this type of calculation one is concerned only with the
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effect of aLial step tize on accuracy. A step size of 0.02 ft has beensatisfactory for the imagnitude of rates and mass velocities for which wt,

have been calculating up to this time.

Reactions in the MCH System

The portions of the program specific to '"e WE fiel system have
been set u o to a.lý,d calculations for three possible reactions among six
possible components. For a pure MON feed, however, only the first two
reactions and four coaponents are necessary, The reactions in order are:

J Reaction

1 MMN - Toluene + 3H2

2 MCH--*Isomer - not reversible

3 L,=Benzene - 3H2

For moot screening calculations, it will be sufficient to deal only
with the first reaction (JREACT=l and KC--3). For more refined calculations
the formation of isomers (principally et!hyl and dimethyl cyclopentanes)
should be taken into account as wtell (JREACT-2, KC-4). Under extreme condi-
tions of low space velocity and high temperature as much as five percent of
the MCH feed may be diverted by this nearly isoenthal-pic reaction and thus be
unavailable for tie primary eidotheranic reaction. The third reaction was in-
cluded in the program only because some of our ex.,erimentc were carried out
with a feed containing about 3.5 rel % cyclohexane.

The .irst and primary reaction is treated as reversible. Both
equilibrium and reaction rate parameters are built into subprogramR EAXN. The
rate of the reaction is calct ated at each mesh point in the orogram by sub-
routine RATE, the reaction rata is calculated from the erpression

R(lb-mol/hr-ft3 ) . 1+r ). x ll / T CM P Ko 12
( I-)+ (A2A2 ) exp /R L ITO 0 PtolPH23j

where: q in -t.he eract.m voidS in the bed.
S.I is the local concentration of MM (lb mol/ft 3 ) in the gas phase.

n 1, P and P• are the partial pressures of toluene, hydrogen
and MCH (at'mj. C

R is the gas constant (Btu/lb mcl - OR).
T9 is the surface temmerature of the catalyst pellet (,R).
KG is the equilibriumn constaat for the ieaction (a function of

temperatuateajly).
A 2, A2 end BI, B2 are rate paraweters printed out with the input

d-t.i ag ARAT_'S (I And 2) and BRASS' (! jm 2)
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They have the values:

A,-,- 7.511012 B1 - -59000
t2 - 4 .5xlO-a B2 w 54o000

Keq for this reaction is calculated from: the expression:

eqRgTs

The surface temperature of the catalyst pellet it related to the fluid temr-
perature by the equation:

T m T + -•Pa g 6Hp

This temoerature and the reaction rate R, require an iterative calculaticn
since each quantity depends on the other. They are c culated tceether in
Cubroutine RATE.

The second reaction is tr.,ated as an irreversible first order
catalytic reaction with the rate given by:

R2 (±b-o ,l/hr- ft 3 ) a (1-') M Aa exp (B3/Rg T)

This is obviously a simple approximation to the ratr, but has proved satis-
factory in reproducing erxerimental results when sm-ll ccnversions (5$m or less)
to isomer were observed. The values of the rate constant parameters: A3 and
B3 are contained in subprogram REAX as ARATE (3) and BRATE (3). They have the
values:

A3 - l.4xlO7
Bs - -30,000

T'ne third rt-aution is alco treated in a s-implified mrn-ner suitable
only for small crncentraction of cyclohexane in the feed. The rate is given by:

Rs3 (lb Mol/ft 3 -hr) - (I-c.) C C A4 exp (B4/RgT S) I(l Pq---J

where

A4 - 3.25xl0e
B6 M -2T000

Thysical Basis of Computer Program for Simulating Packed Bed React"e

Material and Fnexg Transport

The general equations describing material and energy transport within
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packed bed have been discussed in somw detail previousiya) end will not be -tdiscussed here. Ve simplify the equations by making the fcllowing asu•wptions:

1. The flow is nxially symetric,
2. Axial dcZ/usion and 7onductinon mny ho nnglacta A rn-n-

S3. Molecular diffusion maybe neglected.i

The last aAsumptionf is important. By imposing the sane (eddy) diffusivity on
val chemic-d. species, it allows us to describe the materia! bhaalloe in te-ar
of the conversion via each reaction rather than in term of the concentration

of each comuonent. This reduces the number of equations from a maximum of ten
to a maximum of thi 'e. In deriving the material-balance and associated
equations the basis has been selected to be a "Imass unit" of material equal to
one mole of original feed. Conversions are thus expressed as moles of reaction
per mole of original feed. Similarly mass velocities are expressed as these
"mass units" per unit area per unit time-

The steady-state tions for material transport are written in
* terirw of conversion, xj, as follows:

az I; ( IGjw1lto JHEACT 1

In simplified notation these are written:

0 a - w[uSj.xj x1] 3s (2)

where the dots signify differentiation rxially and the primes signify differ-
entiation radially. The quantity co does not vary with axial position. There
will be one such equation for each independent chemical reaction. All will
have the same value oi D and trill differ only in the "source term", Sj.

The steady-state equation for energy transnort is x-tritten:i

o.6T - dr /* u + -T 4 K u T LYP

2.

GLE RjQj

The energy-transport equation has been written in such a form as to illustrate
its similarity to the material-transport equation. In addition to the assump-
ti".o made for the material-transport equation, it has been assuiied that the
radial diffusivity for heat is the sun of an eddy diffusivity and a "non-eddy"
dil•'usivity,K,the latter in tizn being related in aome manner to the transport

a) Beek, J.,Advancea in Chemical Engineering, Vol. Npp 203-271, Nev York,
Academic Press, 1962.
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of heat via cnduction through the fluid, conduction through the packing, and
radiat~mnn in almHiied notatinn Pauatior (I) become!

0 T BuT-" + V' St (4)

In general. since t•rmvi aunh as k. r-. )Cý•. mad (3=/4u) vary axially as
well as radially, it is convenient t'o' lum' all of the 1a6t five'terms of
equation (3) into the sourae term, ST, when solving the problem on a computer.
Equations (2) and (4) are then of 3e save general form.

The boundary conditions at the tube wall are:

x -0 j -l1toJREACT (5)

T'---- -- HT(T - TO) (6)

2S ý'- Y,

Average values of mass velocity, 0, heat capacity, Cý, and thiermal conductivity,
K0, axe used in aiplying equation (6).

Coolant Teumerartur&ea

For a sen~ibly hented, uockirixent coolant the differential equation is:

Presoure Drop. •_

The differentiril equaticn for pressure d~op is:

c~- Zcpd (3)

For the friction factor the equation of Ergunh, is uNed:

f a 1.7 5 + 150o (9)

For gases the sr-~cific " olume. will be oi* the form:

I - (-1-.)

In terms of the convw..,•'ion as defined in this repOort, the saecific volume,
averaged radialiy, becomes:

7 rgn, S., Chem. Engr. Progrss (
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P PO J- .

The variation of pressure within the bed has been included in the analysis
Sbecause of its effect on the rate of gas phase reactions.

Heat-Transfer Coefficients

The heat-trensi'er coe ficient from the fluid to the catalyst parti-
cles is that suggesteý.. by Beeka) for

h, "f [32 4Y PY .1 P) (12)
p

The heat transfer coefficient at the wall is given b,:

hw- , [0.203 (&_)A((PO)) + 0.220 (Re)°'s (Pr) 0 '41 (13)

Effective Thermal Conductivity Within the Bed

Radial transport of energy occurs by a varicty of meeze, to wit:
eddy conduction, conduction through the fluid, conduction through the catalyst
and radiation. In equation (3), it is assumed that the conductivity is the
sum of the eddy and "noneddy" conductivities., The latter includes V.1 other
forms of conduction and is treated by the method suggested by Beek. a) The
overall conductivity is:

. + O.5 hpdpks 2drr~rdoT

KOVERA Ile + 2- + 0.7 h,.,d r

EDDY PACKING RADIATION

Note that no eroression for rimlecular conductivity of the fluid has been
included,

Heat Capacity

The heat canacity of each component ic assumel to be of the form:

(C)k- ak + b,-T (15)

The heat ca'acity of the mixture is assumed to be linear in composition.

Peelet Nuwube

The Pealet number is assumed to be constant throughout the reactor.

'a) Beek, J., Loc. cit.
c2t.

j 279

.. • = -_



AFAT.W-7-14 op~trw m ' m quvry w~,wnmni'rvwsi' nnfm l

Part I
r SHFLL DEVELOPMENT PACKED BED REACTOR PROGRAM 13/3067

S18FTC MAIN
(. MA!N PROGRAM

-UIMMOiN/ALL/ CRONSK., GBAR9 HI, HMM JRFACI, JRERUN9 KC, KVPRIM* M9
IMMINU(,t WONF, MTIjr,3 Ni NPilJft OMEGA, PHJ(12)v R, SIGMA(12),

3UTf12,3)s XfRAR'ý13*3)9 XSUBM(12,3#3)* Yo, 7LFNGT, 7M
COMMON /XESEA/ AF, BARMO, STUPPO, DP, Et EPSJLN, EPSILRt FLARGEO
I Go GAMA, Ho HCo HFs HP, HWf INDFXT, IPSUP, KiNT9 NPR# NPROC*
2 NPROP, NSso NSTFP, PE9- REACTR9 RGAS, ZKF* Zl"So ZMU
COMMON/XFIND, A(10)% ANAME(2ol0), ARATEt6), 0(10)9 BRATE(61ý
IC(5s3)9 CRATF(6)* DATPRO(II)s DELTACIO)9 EQ(392), F(10), PO3)
2 PROF(10.5i, PSI(I)o 00(3)t F)(1093)9 %R(12t,3)9 ,7(12*3)o
3 7PRINTd10,l00), XI(3), l'B(3ICM(10)

DIMiFNSIO3N SUf3JEC(12)
C STAPT (IF PPOGRAM

N PI IN - 0
C RFJi4RN POIN'T FO'Q STA' KFD ROJNS
C RFAO AND WRITF TITLE OF RUN

13 RFAf)( , s 000) ;(SIrJFC I)9, 1=1912),- LIMIN, LAST
LA'.&td k r~t,,~ ~~(T$T~DATA DECK

1000 FORMAT (12A6t 2X9 119 4Xv 11)
WRJTF16,i001) (SUBJEC I ) I =1 #21

1001 FORMAAT,(IHI 20X, ]2A6)
c ZERO SIGNIFICANT PARTS OF COMMON

JRFRtJN = 0
ZLENGT =C.0
CR,1SSK =0.0
NPR =0
DO 14 N=1,3
P(N) 0.0
TRARF(No1) =n.

TPRIMF(N) =0.0
XBARM(NqI) = 0.0
X,;;4 ~ P

14 XBARM(N93) =0.0

KINT = U
NOROP = 0
DO 15 1=1910

15 DATPRO(I) = 0.0
NRUN =NRUN + 1
JINPT LImIN +1

C COMPLETF DATA DECK RFQUIRIFD FOR FIRST RUN
IF(NRUNEoF.1) JINPT = 1

C READ AND WRITE INPUl rit.TA
CALL INPUT(JINPT)

C CALCULATE CONSTANT COEFFICIENTS
CALL MISCFL
IF(JRERUN.EQ.l) GO TO 100
CALL 5RCOEF
KVPPIM =0
CALL FXPCFEO(UM~)
KVPRIM

CALL FXPCFOWUT)

NSS 0

mp8

Apl
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c PPINT OUIkT INITIAL RFL PT
41 CAI-1 PPINTill

4?CAt4 ffl4P(lc
C Pr-TtRN POINT FO1R Ax,ý:TFP IN INTFRP4.ATioUN
'i 7LE.N(GT = 'LENC.T + CROcISK
5 2 N =McjI)(N5S*3) 4- 1

NPLAJ'S Mtlr(NSIý+1.1) t 1.
t-ALL RATF
CALL SOURCF
KVPRIM =~ 0
CALL tEXPLICiXSUBM9LI49!SR)
KVPRIM =
CALL PXPI- IC (TlýW3F,(nT,.-T)
CALL COM rX
IF(.JRFRIIN.F0.1) GO TO 100
NSS l!+

53 NP NP + I
IF(NP.L',,NPR) GO TO 50
KVPRIM = (1
CA LL AVF R A G( X $EW.,X BA RM.
KVPRIM 1
CALL AVFRAC,(T5LJRF9 TRARF)

C IPSUP SUPESSINTFRMEDIATE PRINT
IF(IPSUP) 62961962

61 CALL PRINT(1)
62 CALL COMPOS

NP -- 0
IF(NSS.LT.NSTP~P) GO TO 50

71 CALL PRINT(2)
100 IF(LAST*NF.11 GO TO 13
101 CALL EXIT

FNU)

S1SFTC rNPLJ
SUBROt TINE INPUJT(JINPT)
COMMON/ALL/ CROSSK9 GRARo HT9 HM9, JRFACT, JRERUN* KC9 KVPPIM, M9
1MMINUS, M.ONF9 MTWO% N, ?N')LU-S OM.FGA. PHI 4121 * P. -S;TrMA(1?)

3UJT(l29,3), XSARM(3o3), XSURM(1291' 3)9 Yo ZLFNGT, ZM
COMMON /XESFA/ AF9, BARMO, BTUPPO,, D~i Eq FPS-ILN, EPSILR, FLARGE,
I G9 GAMA, Hv HC9 HF* HPi, HW,j INDFXI, IPSUD, KINTi, NPRP NPROC,

2 NPROP, N'S, NSTFP, PE9 REACIR9 RGAS, ZKF'o ZKS9 7MU
CO-MMCN/XFIND/ A(10), ANAME(f'f10)9 ARATE(6), B(10). BRATE(6),

2 PROF(lj,5) 9 P51(3),9 00(l) S(1003)# SR( l2s3, 5T(1203),
3 TPRINY(109100)9 XI(3), ZBIGM(10)

M = MCSAVFr

RFACTR =RFSAVE
C JINPT Is Ft.AG FOR ABBREVIATED DAIA DFCK

6O TO t10,2O,30), JINPT
C FULL !ýATA DFCK

10 RFAD('ý%1000l Ro RFACTR, DP* Ar, FPSILN, PE
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100 CO RMAT (SF 1?.4)
PF5,AVE = RACTR
RFAD ( L) 10CO) iARAIF (I) * I = 1 ,6
RFAr i .`C00 cPZAlT F lI) I -1 6~

REAtO(5#1.Q01) JRFACT9KC#M#NPRl9 !P!CIIP, CROSKLI

RFAnr~),ojn~i'i G-AMA,17KF, 7M(i, HW, H(9 ptiM
C. 4 OR 9 CAR() INPIJT DECK

1002 FORMAT 11OF6.4)
C 3 OR 4 CARD DFCK

20 REAfHL51000 Go. P(1)9 TBARF(i9fl, (XBAR.M(1Io)v 1=1*3ý
RFA0(5t100!) INDFXT, NPROPs (DATPRO(I)o I = 1,5)

1003 FORMAT 4?l695FI2.~4)
c filM 1.ýIt-',Er To L('AO 1.e IF CARTF51AN CCIORDINA7T%
r H USE!Fj) TO TRANSMIT INDICATION OF CARTESIAN COORDINATES TO MISCEL

H = .Um
IFI (NPROP.I F.rZ) .AND. INDrXT.NF.4) ) CO TO 21
RFADr(9,1000) (DATP"lO(1)# 1=6,11)
1F(INDrXT.f3.4) RFACTR DATPRO(11)

C SECTION 2000 FOR PRINTOUT OF INPUT DATA
21 WRITF(6,2000)

2000 FORMAT (IHO, 55X, 10HINPUT DATA//)
WRI TF(6t2001 1 ( ANAME (1 .11 ANAME (29*1) 1=1 .5)f (F (K) .K=14* )

2001 FORMAT(1H w16x, 9HCO)MPONENT,4X,5(2A6,4X)/2lX,1HF9,8Xs5(El2.4,4X))
IF (KC.LT.6) GO TO 2?
WR I iE(61-2C001 ( (ANAME I 1,1I ANAM F I, ) s 1 =6 910) o tF (K) 9 K=6 9 1)

22 WRITF(6t?002) JRFACT, R9 GAMAt KC, REACTRi ZKF, Mg DP9, 7MUt NPRJ.
1 AF. HW9 IPSUPi FPSILNo HC9 CREISKO, PE

2002 FORMAT(1H0//I7Xt9H-!RFACT = ,14XI1?,6X93HP - .1OXqIPF*F.496Xi,
1 6HGAMA = 97X9, F12.4/I7X,4HKC =9X9 112) 6Xi8HREACTR = 5XtE12.49
26X9 SHZKF = *RXtE12.4/I7X*3I-tM = 10X*I12,6X,-4HDP = '9X, F]2.4,,6X*
35riZMLj = 8XE121.4/17Xt 8HNPRINT = ,5X,112t6X9 4HAF = 9X,5-12.4.,6Xv
4 4HHW = 9X9 F12*4/17X* 7HIPSUP = 6Xw11296X% 8HEPSILN = s5X,
5Fr12.4,fX,4HHC =9XE:12,4/17XvSH'CRSKO 5XvF12.4s(,A94~HlP =9X

,S E1?.4//')
WRITE(692003) (ARATE(I)gBRATFE(I), CRATECI)t 1=1,6)

2003 FORMAT(1H v33X,5HARATE,19X,5HBRATE9i9X'5HCRATE/6(3OX~lPE12.4,
1 12X9 E12.49 12Xt E12.4/)//)
WR!TF(6,2004) 6o P(i)o TRARF(1%1)9(XBARM(loI)s 1=193)

2004 FORMAT(lH /3L'X*4HG = PF12.4.7X,7HP(1) =OPF6.1,1OX99HTINLET =1
1 F6.1/32X97HX(1) = F8.5v8Xt 7HX(2) =F8.~59 Q~x7HX(3) =FB.5//)

C FOLLOWING PRINT DFPFNDS (3N BOUNDARY CONDITION
GO TO (41942943o44) 9 IN'DFXT

41 WRITF(69,c011) (DATPRO(I)o I ý 1,O
2011 FORMAT(IH0, 40X9 41HINDEXT =1 COOLANT TEMPERATURE SPECIFIFD/23Xt

I 4HDEGFt 4X9 5(4XtF8,2)/ 31X9 r5(4X* F8*2))
Do 51 1=1910

51 DATPRO(I) =DATPROWI +460. -TREFR
GO TOI 99

42 WRITF(6,2012) (DATPRO(I), 1z 193)
2012 Fý,MAT(IH0,t 'QX. 42HINDEXT = 2 CONSTANT HEAT CAPACITY COOLANT/

1 18X9 14H INLET TEMP = oF8.2o20H DEGF, FLOW RATE ,IPE12.4#
2 14H LB/HR. CP =OPF8.49 13H BTU/LB-DEGP
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0i) 99

FT TA P C

FOi (I RM A T I- HI 1H N DX 3r L. UX~ e10N,3flR 17N~ 11NF ~tAA

1 F Ar' T, / I X~ * 1 4!H 1 1t ? FT I F- ~ .-1; 7 lF
2 ~i4 X f'

B(A RF( 1.1 = fATPP",( 1 1

61 DATPRCI(I) = ATPRO(H) + 460. - RF
c SET INIFRNAL. VAf-IJAHLFSý

99 NPR = ilPr,,I

CROSSK( CROSKO
TRARFCI,11 = RpARF(lil) +'460. -- TPFFR
P(l m '144. ('-11 4 14.7

100 RFTURN

SIPrTC PRIN
StIRRO'L1INF PFITNTr IDUN'

C I DkAI IS F- L A FOLR I NIERME I AT-: OR T A13'ARA PR INT
CO~MMON/ALL./ iJOSGIAR9 HTv HM, JREACT, jRFRUN, .RC, KVPRIMv M9
iMMINUS, MONE # MTWO, Ný NPUS MEGA,9 PH I ( 2 ), R, 91GMAf 12 1

3 U 1( 12,3 v XBARM ý3 93 ) X SUBPO'123 11 3 Y , ZIE FNOljT, 9 D
COMMON /XFSFA/ AF,9 BARMO, f3TU~PPO DP,9 Et EPSILN 9 EPSI LRt FLARGEt

1 G. 9 AMA , H,* HC o HF,9 H P, HW p I NDIFX T IPSUP,9 K INT,9 NPR 9 NPPOC 9
2 NPRClPt 'S. N!3TlPf PEi. REAC'TR; RGA5, ZKF, 1'KSf, ZMU
COMMON/XFIND/ A(10), ANAME(2tI0)f ARATF,6)s 8(101t BRATE(6),.
IC(5o3lo CRATr-(6) - DA'TPRO(li), DFLTA(10)% Fr)E3,2)s F(l0)o, P(I),
2 PR(9Ffl0,'.)t P5 (1)41 oQltI)l St03) R(1203 5)q ,,
3TPPIN~i(G,10 f),* X1(1)9- 781GM(10)
0 IMPNS ION TCUPR 1?)
GO TO (1010,200). 1IDUM

C SECTION 100 FOR IN11-IAL AND INTERMEDIATE PRCFILES
I~ ~ ~ I- I0 K'Ni~j ý: L ir + i

WRI TF(69'1ý(Y')) KPRTNT
1000 FORMAT1HI1 40X. 34iI'**** INTERMEDIATE PRINTOUT NUMBER l3w5H 4***-//)

PCUR =P(NPLUS)/114'.. -14.7

TPCtJR =TPRIMFINPLUS) +TREFR - 460.
WRIrr(6,1001) N.SS, PCURs TP'CLiR

1001 FORMATfIHO 4X, IHN 18X9 8HPRFSSIJPF 27X9 2OHHOT-SIDE TEMPERATURE /
1 3X-) '4o 9X9 F1592o 24X9, F1.592)
iBCtUR --TfARý(NPL-USpl) + TRFFR - 460.
WRITE (6,1 0r!.?

100J2 FORMA711HC) 4X* 6H.JREACT 7X, 4HXRAR 17?X9 6HJRFACT 7)(,, 4HXBAP 16X*
1 6'-U'RFACT 7X9, 4HXBAR 20Xv 4HI'SAR //)
WRITET(6*1003) (J9 XBARMINPILUS,jJ) 9 J=19JREACT)

1003 FORMAT (IH 7Xq Ii, 4Xo F15.8, 14X# !it 4X9 E15*83, 13XvI1,4XvE15.8)
WRITF(691004) Ir3CUR

1004 FORMAT(1H+ 102X#FlS.2)
WRITE (6,1005)

1005 FCIRMAT(3;-!0 M!5Xs4HCcbNV30X94HCONV ?9Xt4)-iCONV16X,1IHTFMPERATURE/,)

* Ia
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C. IP 0 It Ttm1 (Vk APLIV. 1 7~E 1 i460. I Q

101) WR!TF (6¼,0072, T"'041 1)
11'07 F 0R."AT(1+ 1fl\ £152?x. -,,ýtI

C.00M Ft fRNIA; I ~H 'X .I5f,251 ST ýF HA¼'r1 R[r F N T ARKF N!4 1X.-i L FNI T H F I

ORCNRMAT(1C41 1, ),24 H**IF I NA L P RI NNDU T**/)
PRI TF (6,20r 1'1H1 i i , Hs W HF. p

2001 FORMA T (IHO 34Xq,60HHFA~ RANSEENR COEFF IC IENT S USED, (BTL)/HR-rFTFo-DE
'GE' UX 4HH H FIZ .q4. 2X,'I-HHC = L1. 4,Y Ii 5HfW = F 12.4.92X.

m02 FOR!A T (1110 AX., 6HiLENGTH 4Xi 6HETUl/LF3 6X. 4HTAVG 9X- 3FITCL Ax,
I13HTMi 8 X 3. 1-iT'S 8X 31-1 P 9X9 2HX1 QX, 214X2 9Xs 2i-X3)

70 23) -)1 1 -' ,KTNT
201 WRITE ((612001) (TPRINi(,I9), J=1.10)

2003 FORMAT (III AX, K '4, 6(4XF7.1l. it(4X, FTJr-1
f)000 RF TURN

$IPJFTC- MISC
SUFYZO~r\UT INE MI 50%
CO(IMCN/ALI-t/ CP055K, GBARt HT, HM, JPEACT, JRFRUNq KCs KVPRINt .o8

liMMhINUS9, HO3NE MiWO.1 Ný NPLLiS.) OMEGAi, PHI(1?), Rl. SIGM4ACI2K1
2ISARE(3p'U, TREEN. TOPIMEit-). TMJI3E(12,3,1)v V(13,31, UM(12,3),.
30,T(1203, XPA7IM(13)3) X5IJBM(12,3,3), Y, ZLENGT. Zm
COMMON /XESEA/ 4%9 RARMO, RTUPP0, DP, Eq CPSILN, FPSJLR9 FLARGE9

1 r.q GAMA, H. H,, HE.t HPq M'W. INDEYFT, IPSIIP, (tNIT, NPRv NPROCO
2 NSf', NTEP, PE9 REACTR, P345A-, ZKýF. ZKSo ?MU.

COMMON/XF-IND/ 4(10), ANW.E(2,l0(,9 ARATE(61, PALOY, BRAIE(6)9

2 pRoFl(109,5l)SJ)00(l),5S(10,3), SR(l2-o3)9 5T(.2*3li,
3 TPRJNTC 10,10'0)I, XI (3) -ZAIGMI(10))
IF(!NDLXT.EO.4) M=O
ZM =
MfA J t& A -&

MMINUs =MA

M7WOl = M + 2
C ADJUST AXIAL STEP SIZE TO MEET STABILITY CRITERiON

rEIINDcXT.FO.4, GO TO 42
(lOmeGA 4.fl*0P/(P**2*PFI
T FSTK =.5(.4.*)/OFAZ*2

43 IF(CR~c'SSK.LE.TFST<) COCl T0 4?2
CPOSSK CRCSSSK/2.0
C11 TO 43

C EA PW AiND- MOL0AL PLOW OF FEED
42 BARMO .

E20 41 I = 1 9KCKC
41 BARMO) FARMO0 + F( I)*ZBIGM(AfI)

7bR G/BAPMO



C CA LCLLA P:'x TF frýVAL ANn AXIAL STFP FPh6.i

Pa&rt

7KIP;ýT - 7,cTFP/7Nri
ZNPRIA NORT i5
NPR 'Nr"Rrý

7 N S T p 'NrlfTA 7NP

., R" ' K R FA( " R/,7N ' IFP I
NST N.irF -1 Fr~ Pi ~nfI ~.

31 11-. 1"'C I - R..'i \ILL I N UNIPA t,

I F INf-VX' *FQ-4 1 D T -30,1
G{ TO 4 A2 3. *1 . ~ 3 3 1, 32 ) t M

32" S I0M A) I 1 *(/0 7 M,
DO 1 0 i=2,,M
IFXP 1

3L IMA(I (.±-.)KFXp) C 3 L*7tIf
S I CMA (MO~NE 1 5 i A(A 41
GO TO 302

1!W (14) S ,GMAl

SIGMiA C 2) 0 0.17 5
S IGMA (3) 1 GMA12)
GG Tn '101

34 SIGMA(1) = ().r6597222
5 1GM A (6) SIGMA(1 )
5 1Gli A (')7 0 .?26 (4 1667
SI GMA (5) 5 1 GMA (12')
SIGMA(l) 0.17361111
SICDMA(4) SIGMA(3)

GO " 0 301
C MI-\ALUES OF 1, 7, AND 9 AR~E FORBIDDFN
35 WF<TTF(6i1000) M

1000 rORYAT (IHI *10X, 21H FRROR,M1ISCFLLANEGUS. ,4H M =15,) 25HNOT A
1 PFR'Mý-ISSIBLE- VALUE. I OX, 41H THE NEXT SET OF DATA WI1LL BE PROC-E

JRFRIIN -~1

GO TO 100
C COFrF(CIFNTS' FOR HEAT CAPACITY AND ITS, DERIVATIVFS WJTH TEMP AN)

C CCNVFRSI'3N
301 DO 333 [CT =1,5

333 C(1CT*JCT = 0.0
DO 10 K =19KC

C(li,1) C(1*1) + F(K)*A(K)
10 C(2t1) C(291) + F(K)*B(K)

DO 1? J=1,JRFACT
DO I I K= 1 9KC
C(39J) C(-39J) + A(K)*!S(Koj)
Cz(4sJ) - C(4tJ + B(ir]*S(KJ)

V11 C(5,,J) =0.5*C(4,J[
12 CONT INUE

D1) 5 00 1 =I 0'NF
DO 501 J=1,,JRFACT

C SET INITIAL FLAT PROFILES OF TEMP AND CONVERSION

501 XSUJBM(Iv1,j) ABARM1,~j]

2&; _



:PrtI T!¶JBF(Iol,')1 TBAPFCIt1)

r HEAT CAPACITY OF FFED AND INITIAL rNTHALPY

:4jX =0.0

FNTHfl
DO 900 Jzl,JRFACT
FNT[HO FNTHD *i 0ocJ)*XBARNI( 1 J)

C3JX = C34XY + C(39JI FAARM( I ,J)
900 C4jX =C4jX + C(4oJl ABARM(hJ.)

CPO = C(tl,)+C3JX + (C4jX + Cf2#jfl*TPARF(1,1)
B3T UI'PO =FNTHC0/fARMO + (C (,19 )+C3JX+O. S*( C4.JX+C 2s 1 1 *rBARE(1,I oI*
1TRARE(loll/BARMO.

HEAT TRANSFER COEFFICIENTS AND PARAMETERSI
1S ZNPR zCPOlZMlI/(ZKFtBAPMO)

ZNRF = DP*G/ZMU

SiGMAR =172-
RGAS = *jý44.0

c COEFF-JCIENtS FO.'R PRESSURE DROP CALCULATIO.N
F!NIALL ( 1.-FPSILN)/EPSILNA*3*(l.7h+)5O.0*(1.-EPSILN)/ZNRE)
FLARGE F SMAI L*AF *CBiAR**2*E3ARMO*GAMA*RcGAS*CROSSKGC /DP

C DERIVATIVE OF VOLUINiF WITH CONVERSION
DO 70 J=1*JREACT
DELTA(J) = O.C
DO' 69 K=19KC

6'4 DELTAij) =DFLTA(J) + S(KoJ)
70 CONTINUF

S4 0.0
D' 72 J~-1,jREACT

72 SM1=SM+DELTA(J)*XF)ARm(l.j]
P5I(l) (TBAPE(1,1) +TRFFR)*(!..0+SM)
IF(INDEXT.EQ.941 CALL ADIAID
IF(iNDEXT.FC,41 GO TO 100
XI(1) = 0..6*HP*DP*?KS/(2.0*TKS40,.7*HP*DP)
X1(2) =2.0*rPSILR*SIC'MAP~*DP'
ZKO3 = XI(lI + XI(2)*(T30 + TREFR)**3
HM = 0.0
HF=ZKF/ýDP*(Oý.20-3*(ZNRF*ZNPR)**0.333333+0,22*ZNRtE**O. 8*7NPR**0.4)
H =].0(1/(.0/HW 4ý 1.0/HC +~ I.0/Hf:)
HT H-= P / ,. j~iR D

IF( INDFXT.Fý-'.2) GO TO 23
IF (NPROP.FG.1) GO TO 2A '

C COEFF ICIEFNTS FOR AXIAL PROFILES OF FLUX OR TEMPERATURE
FINK NPROP -1
NPROC =1

lF(NPROP.FQ.2) GO TO 21

RFINK = REACTR/FINK
NQL'AD = NPRCP-2

FT
PROF( I 2) = DA TPRO 1 1
PROF ( 10 = 0. 5* (DA TPRO I +2)-DA TPRO I)/RF I NK
PROF(I,4) = (0.S)"ADAI*PRO(1+2)+DATPRO(I)-~DATPRO(1+1))/RFINK**'I
PROF (I~f = RFI1NK*FI

22 PROF(195ý PROF(Io1) + O.5*RFINKi

28



PROE(NQUAD,5) aREACTR + 0.5 Part I

GO TO 23

;- ROF (i92 ) =UAIHXUII)
PROFII.3) 7(DATPRO(2)--DATPRO(1))/REACTR
PROF(l,4) =0.0
PROFUo5) = RFACTR + 0.5

23 TF(INDEXT.EQ.3) GO TO Z6
TPRIMEe1) = DATPRO~l )
IF(INUFEXT.eQ.1) GO TO 100

C SENSIB3LE COO¶LANr
24 CCOOL =DATPRO(3)

WCOOL =DATPRO(21
E =H*CROSSK/W'CC30L/CCOOL
GO TO 100

C FLUX CONDITION
26 TPRIMEC1) = DATPRO(1)/H +TBARE(1,1)

100 rETURN
END

SIBEIC ADIA
SUBROUTINE ADIAID
COMMON/ALL!1 CROSSKt GBAR. HT, HM, JREACT, JRERUN, KC, KVPRIM, M,
iMMINUS* MONE, MTWO, N, NPLUS, OMEGA. PHI(12), R, SIGMAH32)v
2TBARE(3w,)o TREER, TPR[ME(3), TSUBE(12.3.1)9 V(1393), UMI12.3).
3UT(1293), XBARM(3,3)9 XSUBM(12,3,3). Y, ZLENGTq Z-M
COMMON /XESEA/ AF. BARMO, BTUPPO, DP, Es EPSILN, EPSILRt FLARGE.
1 Go GAMA, H. H-C, HF. HP. HW, INDEXT9 IPSUPs KINT, NPRt NPROC9
2 NPROP, NSS9 NSTFP9 PP. RFACTR9 RGAS* ZKF, ZKS, ZMU
COMMON/XFIND/ A(10)* ANAME(2,iQ), ARATE(6), B(10)9 BRATE(6',,
1C(S,3), CRA1E(6), DATPRO(11)9, DELTA(10)t E0(3,23, FEdO), P(3),
2 PROF(10,5), PSI(3)9 00(3)9 5110,3). SR(12,3), ST(12,3),
3 TPRINTC1O,100), XI(3)9 ZBIGM(10)
IPSTOR =IPSUP

Y = CROSSK/GBAR
40 NSS 0

NP 0
NPLUS I
ZLENGT =-CRO3SSK

CALL COMPOS
50 Z'LENG-T = ZLENrT + CROSSK

N =MOD(NSS93) + 1
NPLUS = MOD(NSS+1.3) + 1
CALL RATE
TERMi 0.0
TERM2 -0.0
TERMA = 0.0
DO 29 J = I],JREACI
TERMI- TERMI. + (C(3,J)*XSUBM(1,NJH)
TERM2 aTERM2 + (C(4,j,)*XSUBM(1,NJ))

219 TERMA =TERMA+(SREI,J)*(Q0(J)+TSUBE(1,Nvl)*(C(3,J,+C(5,J)*
1 TSIJBE( 1,No1 ))
CF = C(191l + TERMI + (TERM2 + C(2,1))*TSUBE(1,N,1)h

i ~~~287 ___
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Part I TSUFkE(1,-NPLUS,1,l = SUBFi 1,Nfl) + cJ1i

DO 31 J=19JREACT
XSUBM(loNPLUý..J) =XS¶JBM(ltN*J) + Y*cR(1,J)

31 X8ARM(NPLU-',.l) =XSUP.M-(INPL.UStJ)
'TBA RE INPLUS v1 ) = TSUBF( INPL USI .11
CALL Cc'OLFX
IF(JRFRUN.FQ.I) GO TO 99

WsS -NSS + 1I

!FfNPsLIl.NDl?) G ( TO C0

CALL COMPOS
NP = 0
TF(NSS,LT.NSTFPJ GO TO 50
IF(NSECT.EQ.NPROP) GO 10 98

NSFCI NSECT + I

KINT =KINT o, 1
DO 79 1=1 *10

79 TPRINT(I,KINT) = 0,0

DO 80 J=l4 JRFACT
XSUBM(1919J) =XSUBM( loNPLUSJ)

80 XBARM(lJ) XSUBM(1919J)
TBARE(191) =DATPRO(NSECT)

TSUBE(19191) =TBARE(lol)
Ph1) = P(NPLUS)
SM = 0.0
DO 81 J=1, REACT

81 SM = SM + DELTA(J)*XBARM(1,J)
PSI(1) -- (TBARE(19]) + TREFR)*( 1.0 SM)
GO Tr, 40

98 H =0.0

HC =0.0

,HW 0.0
HF 0.0
CALL PR[NT(2)

99 IPSUP IPSTOR
JRFRUN =I

100 RETURN
END

SIBFTC SRCO
SUBROUTINE SRCOEF

C CALCULATFS CONSTANT COEFFICIENTS USED IN ENTHALPY SOURCE TERM
COMMON/ALL/ CROSSKi, GBAR9 HT, NM, JRFACIP, JRFRUN, KCi, KVPRIM9 Mo

IMMINIJS9 MONE, MTWO, Np NPLUSi, OMFGA,, PHI(12)s Rt SIGMA(12),
2TBARF(3%1), TRFFR, TPRIME(3)t TSLJPF(T12939119 V(113,3, UM(l2t3',
3UT(121,3)o XBARMt39,3)t XSUBM(12t3s3)9, Y, ZLENGTv ZM
COMMON /;-DRSOR/ VCO(13)
DO 10 1=2*Y

10 PHI(H = MEGAZN4N(FI-I.0)*GBAR/4.O
r'HI(MONE) = OMFGA*(HT**2)*GBAR
ZMOR= 0*MR2
V(1,1)= -3.0*ZMOR
V(192) = 4.OtMOR
V(1%3) =-ZMOR
DO 11 1=2,kl

PAA



* ~AFAFL-AR-67-114
V(II) ZMCR*(2.0*Fi - 3.0)Pat
V(192) -- 4,0#ZMOR*(FI-l.Cfl

11 V(I*,3) = ZMCR#?'.0'FI--l.0)
V(MONF,1) = -zm*ZM0-R
V I MrNF .7 1 _

V(MOFwlNEý -14*0(Z*1M/'R)**2
V(MTW0*I. H!*f4.0+12.0*lM',IR**2

DO 12 1V2*M

12VCO(1 -

VCC('( 4CNf- ) .*H 7/R#
100 RETURN

END

SIBFTC SOuR
StJBROUTINF rC'!RCF

C THIS ROUTINE CALCULATES FNTHALPY SOIJrCE TERM
COMMON/ALL! CROSSK9 GI3AR* HT% HM, JREACT, JRERLJN, KC, KVPRIMf Ms
IMMINUS, MONF, MTWO, N,, NPLUSs OMEGA. PHI(12), R. SIGMAI I?),
2TBARF(3,1)t TREFR, TPRIME(3)9 TSUBFEC1209,It V(1393)9 UM(1293)t
3UI(1293)9 XI3ARM(3v-3)-, XSUBM(129393), Y. ZL.ENGT9 ZM
COMMON /XFSEA/ AF,ý PARMO, BT(UPPO,9 DP, Fs, FPSILN, FPSILR9 FLARGF9

I Gv GAMA. H, HC* HF.- HPs, HW, INP)FXT* IPSUP, KINT9, NPRt NPROC,
2 NPROP, N-'5,, NSTFP, PE. R't ACTR* RGAS, ZKF, ZKS.9 ZMO
COMM(ON/XEIND/ A(10)9 ANAML-(2,l0)9 ARATE(6)9 B(10)9 BRATE(6)%
1CC593)t CRATE(6), DATPRO3(11), DFLTAi1O), FQ(3t2)9 F(Ib)o P(3)9

2 PROF(]L¾5)9 PSI(3)9 00(3)p S(10,3)9 SR(12s3), ST(12,3)9
3 TPRINT(109100)i, XI(3)9 ZBIGN(10)
DIMENSION XISTAR(11D. SPRIMFIIl)g SPRIM2(1I)9, 1PPIM3(11),

1 SPRIM4(11)9 CP(12)
COMWIN /FORSOR/ VCO( 13)
00 30 I= 1,MONE

C RADIAL THERMAL CONDUCTIVITY
XISTAR(I) = XI(l) +4 XI(2)*(TSU8F(ItNql)+TREFR)**3

c EFFFCT OF TEMP ON HFAT OF REACTION
TERMI= 0.0

TERv? = 0.0
TFRk'A =0.0I
TEr~ml TEPOM -4- (r(i3 I I*X SUJM T ^N^ 11

TFRM2 =TERM? + (C(49J)*XSUBM(INtJ))

C REACTION CONTRIBUTION
29 TFRMA =TERMA + (SR(IJ)*(Q0(J) + TSUBE(IN,1)*(C(3%J)+C(5tJ)

1 *T5IJBE( I N, ) ))

C LOCAL HEAT CAPACITY
CP(I) = C(191) + TERM1 +- TER;,ý2 4 C(2t1))*TSLJ8E(INtl)

30 SPRIMF(I) -TERMAA
DC = PPMONE) +XISTAR(MONEI * PEF/IGBAR*DP)
UT(MTWO,1) t`(MTWO,2) / DC
FILDFL =TPRIMFr(N) -T5UE4E(M0NE*Ns,1

C RADIAL VARIATION IN HEAT CAPACITY
SPRIM,2Wl = 0.0
DO 41 1= 29M
IPLUJS I+ 1

- IIMINUS I - I 8



AFAPL-.TR-67-114i ¶TMI~NI

Part I TFRMC v 0.0
fC5 40 J=1,JREACT

40 TFRMC -TERMC+(C(-3,J)+C(41.J)*ISUBE(I,Ntll)*2.0*(XStJRM(IPLJStNt,J)

1 -CP( IMINUS) + TFRMC)
IFRMD

D17I 45' 1=1 _17?FArT

49 'FRM'IN TF0%qrD 4 C(4,-' )"XS1,Fm(m0NF.NJ)
SPRTM?(MONFI z PUll(,4(NF)*(F1lP.FL/D)CI**2*(C(2,1) + TFRMP))

c NON-EDDY RADiAL CO~NDUCTIVITY
50 SPRIMI (1) = V(1 ,fl4TSUPU( 1,N,1)+V(1,2!*TStIBFH2,NI)+V(1,3)*

1 TS;UBF(3pN,1fl*XIS1TAR(I)
Dý 11 I=?om

IMINWt  I-1
IPLULS -1+1

51 SPRIM3(I) = (v(i,1)*T5,UBF(IMINISNsl)+V(I,-2)*TSUBE(INl)+V(1I,31*
1 TS. 1F1(IPLLJS9No1) )*XI5TAR(I)

52 SPRIM3(YONF)= (V(MCNF,] )4TSUBE3E(MMNUSN,1)..V(MO3NF,2)*TSUBF(MN,1 i+
IV(MONr3)*TSUP[ IH(MONE,,N, i+V(mTWO,1,/DC*FILDEL)*XISTAR(MONE)

C RADIAL_ VARIATION IN CONDUCTIVITY
SPRIM4(l) =0.0
VO 60 1=29,M

61 SPRIM4(MONF) =VC3(MONE)*i1.5*XISTAR(M0NE)- 2.0*XISTAR(M) 40.541
1XISTAR(MMINUS))*FILDEL/DC
DO 70 !=1,MOCNF

C FINAL SOURCE TERM
70 ST(!-!, (1.D/CP(l))*(SPRIME(I)+SPRIM2(1)4+SPRIM3(1)+SPRIM4(I))

100 RETURN
END

SIBFTC RATE
SUBROUTINE RATF

C SUPPLIES REACTION RATE CALCULATIONS--SPECIFIC FOR FUEL. THIS
C ROUTINE FI'R MCH.

COMMON/ALL/ CROSSK9 GI3ARs HT9 HM9 JREACr, JRFRUN, KCs KVPRIM9 M9

2TBARE(3,1), TREFR, TPRIME(3)9 TSUBE(12,3t1)s V(1393)e UM(12,3)9
3UT( 12 93), XBARM(3 0),9 XSUBM( 12 %393 i Yo ZLENGT, ZM
COMMON /XESEA/ AF, BARMC* STUPPLO, DP. Et EPSILNq EPSILR9 F,.ARGE9
I. rip GAMA, Ho HC, HF, HP, HWs INDFXT, IPSUPt KINT, NPR, NPROC,
2 NPR(1P* NSS9 N5TEP, PE9 REACTRP FRGAS,, ZKF9 ZKSP ZMU
COMMON/XFIND/ A(1.0)9 ANAME(2910), ARATE(6)t B(10)s BRATF(6)9
1C(593)9 CRATF(6, DATPR~3i1I), DFLTA(10)9 EQ(31,2),) F(1O), 0(3)o
2 PROF(1095), PSI(3)9 00(3)9 S(1093)9 SR(12#3), ST(12s3),
3 TPRINT(10,100)9 Xi(3)9 2.BIGMI10)

L.1Pmt.FV 1UrN LI-t ( 1U) p T~t 1LU1o I )Ut~r 141 9 1 , I It l Ii
PAT = P(N) 12120.

C CALCULATF MOLE FRACTIONS

DO 9 I1=1MONE
DO 10 K=19KC

290



- AYAPL-TR-6",-1114
X Nt f XNUMF + S (K.J) fX~SURV I .N J) Peat 1

11 XDFNO XDFNCI + D)FLTA(J)*XSUBM(IN*J)
10 YX(K) XNk3ME/XDE'O

XKGRI YX6) /YX(r-)*GPOLIP
C BEGIN liFRATION FOR SUkRFACF TFMPrPATURF

8 P DLT+TCVIMP ), 12 0
T5AJ[RF ( I) TRFFR + T51JBEF( I.,NolI + TCLIMP
GR? P(N)/(GAMA*RGAS*TSuRF(I))
CFF(l) =GR?*YXHl)
RT = 1.*;87*TSLJRF( I
RKRC = ARATF(2)*FXP(BRATF (2)/RT)*CFE( 1)
RATr'K =ARATF(1)*FXP(RRATF1D)/RT)
XKE0) = EQ( 1 3) *FXP(EO(I,2 )/RT)
RF~l =1.0 - XKGRLIXKEQ1

C kATE OF MCH TO TOLUENF
SR(isl) (1.0-EPSILN)*REQI*RATFK*RKRC/(1.0+RKRC:)
TDFLT( I) -CO0(1)*SR( I,1)*DP/( IOESLN*P60
IF(ABF;(TC0MP-TDrILT(I)flGT.1.0) GO To 8
IF(JRFACT.FQ.11 GO TO 22

C RATE OF CRACKING
SR [92) = (I.-EPSILN)*(CEE(l) )*ARATE(3)*EXP(BRATE(3)/RT)
IFtJRFACr.FQ*2) GO TO 21
XKE02 FQi3tl)*ffXP(EQ(3s2,/RT
REG"'= 1.0 - XKGR2 e XKEG2

C RATF (OF CH TO IFNZFNF
SR(Io3) (l.-FkS1LN)*GR2*YX(5)*ARATE(4)*EXP(BRATE(4)/RT)*REQ2

22 SR(I,21 0.0
21 ;R(Ti,3) 0.00

9CONTITNUE
100 RETURN

END

SIBFTC REAX
C SUPPLIES DATA P'RTINFNT TO REACTION AND REACTANTS--SPECIFI( FOR
C FUEL. THIS ROUTINE FOR MICH

BL L)I 0S Ci K M

COMMON/A[LL CROSSKt GBAR, HT% HM* JREACT9 JRFRUN, KC9 KVPRIM, M,*

IMMINUS, NONE, MTWO, N, NPLUS9 OMFGA, PHI(12), R, SIGMA(12)p
2TBAREi3,1), TREFRt TPRIME(3)s TSUBE(129391)9 V(13,3)t UM(1293)9
3UT(12913)v XBARM(3t3)9 XSUBM(1293,3)9 Yo ZLLNGT, ZN
COMMON /XESEA! AF, BARNO, BTLJPPO, DP., Et EPSILN, EPSILR, FLARGE,
1 Go GAMA, Hs HCv HEo HP, HWo INDFXTo IP'SUP, KINT, NPRP NPROCo

2 NPROP, N5s NSTFP9 PF, REACTR9 RGAS, ZK~v ZKS9 ZNU
COMMON/XEIND/ A(10)t ANAME(2910), ARATE(6), B(10)v BRATF(6),
IC(5t3)s CRATE(6), DATPRO(II1, DELTA(10), EQ(3*2)t F(1O), P(3)9
2 PROF(lU,5,, PSI(3), 00(3)9 S(1093)9 SR(12%3)t ST(12,3),
3 TPRINT110910?fl, XI(?), ZBIGNI1O)

C HEAT CAPACIT IFS AT TREFR
DATA A/ 79.1, 7.0999 55,9w 79.1, 67.33, 45.419, 4*0.0/

C TEMPFRATURE COEFFFICIENT (IF CP
DATA S/ 0.03639 0.00272, 0.0238, 0.03639 0.0302, 0.01691 4*0,0/

C MOLECULAR WEIGHTS
DATA ZBIGM/98,i8992.O16,92.141,98.l89,84.162,78. 114,4*0./

291I
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f Part I

aI
c STOICHIOMETRIC FACTCl~n

DATA 5/-1.0, 3.0, 1.09 7*0.90 -1.0. 2*0.0, 1.0, 6*0.0, 0.09 1.0,
I 2~C~,-1.01 1.01 4*0.10/

F 0 E~JL. 1-9RRfIM PARAMFTFRF'
t DATA FO/ 4.OF20, 0.0, 4.0E20, -91500.. oon. -QlqInr>.

C HFArs (IF RFACTIc'IN
DATA kQO! 9?' , 0., 93900./
DATA ZKgý. FPSTLR, TRFFR/ 0.130v 0.3, 1460./

C NAMFS OV CU'MPONFNTSc
DATA ANAME/1?OH MCH HYDROGEN TOLUCNE C? ISOMER CYC
ILCHFXANF BFNZFNE
2/
DATA ARATE/ 7,5 E12, 4*5 E-8i. 1.4 E7, 3.25F89 240.01
DATA BRATF/ -59000*9 5400O. * -3000n., -27000., 2*0.0/
END

SIBFTC FXCO'
SUBROUTINF EXPCFOC(UM[JT)

C CALCULATES COINnTANT COEFFICIENTS USED IN AXIAL STEP
COMMON/ALL/ CROSSK, GBAR, HT, HM, JRFACT, JRERLIN, KC, KVPRIMs H

IMMINUS, MONF, MTWO* Ns NPLUS, OMEGA, PHI(12)9 Ro SICMA(12)9
21-BARE(3itA, TRFFR. TPRIMF(3)v TSUgEtI29,3,1), V(1393)t U(~12,31,

3UT(12,3), XBARM(393)t XSUBNI(1293#3)9 Yo Z7LENGT, ZM i
DIMENS1ON UM~uTt12s3)
UM'JT(1i,) =1.0 - (1.5*OMFGA*ZM*CPOSSK)
UMUJT 1 921 2.0*OMFGA*ZM*RCYOSK
UMUT 103) = OMFGA*ZM*CROS5SK/'2.0
DO 10 1=2,m
FI = I
UMUT(li,I) =CROSSK,2.0*7M*(2.0*Fl-3.0)*UME-GA
UMUT(I.2) =1.0 - 2.0*CRCSSK*ZM*(FT-1.0)*(3MEGA

10 UMUT(I,3) = CROIS5K/2.0*ZM*OMFGA*(2.0*FI-1.0)
11 UMUT(M(3NF,l) = -OMEGA*CROS5K*(ZM**2)/2.0

JMUJT(MONF92) =4.0*OMEGA*CROSSK*(ZM**2)
OMUTCMONE,3) =1.0 - (CROSSK*OMFGA*3*tý*(ZM**2))

20 Y =CROSSK/GBAR
]F(KVPRiM) 12, 100912

12 UMUTCMTWO9?) = HT*CROS5SK*O3MFGA*(1.0 +3*0*7m)
100 RETURN

F ND

SIBFTC FXPL
SUBROUTINE EXPLIC(YXT9UMUTSRST)

c AXIAL STEP - ARGUMENTS DIST!NGUISH CONVERSION FROM riTPIAipy

COMMON/ALL/ CROSSKs GBAR9 HT, HM;, JREACT, JRERUN, KC9 KVPRIM% Mv
1MMINUS,. MONE, MTWOt Nt NPLUSs COMECI-A r. PIAII R, 1 IGN1 2)

2TBARE(3,1i, TREFR9 IPRIME(3)9, TSUBE(12,391)9 V(13t3)9 UM(12t3)o
3UT(12,3)t XBARM(3,3)i. XSUBM(12%393)o Yo ZLENGT, ZM
DIMENSION YXT1l2v3p3) t UMUT(1293)t SRST(12,3)
IF(KVPRIM) 11910%11

10 LIMIT JRFACT
WALL 0.0
GO TO 12

11 LIhiIT -1 22*

WALL =UT(4TWOq1)*(TPRIME(N) -YXT(MONEPN*1fl

12 DO 13 J 1,LIMIT



AFAPL-TR-~67-1P F
IYXTI ( ,NPLUS.,J) = UMUT( I1i.I *Y~XT i 1N,j~-i k :T + Part

1 'UMU T(1 3)*Y X T fIoN sJ) +Y *'yR S T jJ
C14 VM

iMINUFS I

*~ IPLIS 1 -

"1 4 Y XT 1 , 11P tSJ 1" -I~T( *v, , iXT l~N! 1 W 'iý t + LiMU I1 9I.?1 *YX T N NJ~
I .+11MIIT(I T.' I )*Y) I i I'l I' N,9J) 4 Y#1 QST (1 9, J~

IA Y X I( AOW7 tNPL I; i j c lUMIT ( "f!Nr, qý ) 4 Y)(T f M I NI' . N W , IMV T C-CNr j2
X TT (K- ,JN, + UIU T (MON,-, -1YXT (tý-INF .N. J) + Y a R ST MCONF J) + W-Alt-

1 00 RPrTiIIPhi
[NE'

SIBFTC COOL
SUBROLITINE COOt.F.

C SIJEROIJTINE D0Fl' ONE4-DIMFNSIONAL INTEG(-RATioN OF- P AND COOLANT TEMP
C(OMMON/Ad L/ CFOW'K, 69AR, HT9 H019 JREACT, jRERUN, KC, KVPRIMt Me

I]MMIUNUS v MONF , M TWO N, NPLUS-, OMFGA.s PHI (1 2 ), R. v i1GMA ( -l2 ý
2TRARF(lq,1~ Tp[Pp, TPRTMF(3), TSL'f3F(j2%3q1~v V(13,3)t UM(1293)0
3U1(12%1)o )XAARM~ii3)i, XWUBM(12,3*3)e Yv ZLFNGTv 7m
COMmON /XF~-FA/ AF, RAM~ PTIMP(', Pp, E7, FPFUSLNI FrPILRv FLARGE.

I Gq GAMAe Hi fC. HF. HP. I-IWe INOrxTt, IPSU!P, KINT, NPR9 NPROCt
2 NPROP# NSS, NSYFP, P[, RFACTR) RGAS, ZKFv 7KS, 7MIW
COMMON/XFIND/ AdOC), ANAME(2,10,' ARATE(6)o ,'10I), BRATE(6)9

* lC(591). CRATE(6)e DATPRO(1111, DFLTA(10)9 E0(3,?"), [(10)s P(3)t

2 PROF(10ý,.), PSI(3), 00(3), 5(10v-3)9 5R(12#3)e ST(129,3)t
3 TPRlNT(10oI00'),, XI(-3)o ZBIGM(1O)
ZZELEN =1 ZENC-r 4- CROSK
IF(INDE-XT.FQ.4) GO TO 15~

C COOLANT TEMVPERATURE CALCULATION
IF(TNDFX?.F0.e7) GO TO 20
IF(NPROP*EQ.1) GO TO 10
PROLEN ZZELFN - PRrOF(NPROC91)

IF(ZZELEN.GT.PROFfNPROCv5j) NPReOC=NF'ROC+l
12 IFi.!NDEXT.FO.3) GO TO 30
11 TPRIME(NPLUS) = EPROP

GO TO 4J
10 FPROP =DATPRO(l)

GO TO 12
30 TPRIME(NPLUS) = PROP/h + TSUF3E(MONFNPLUS,1)4

CGO To 0
20 TPRIME(NPLIJS) =TPRIME(N) + F*(TSUFF(MO5Nr*N,1) -TPRINIE(N))

C CALCLULATE MEAN TEMPERATURE AND CONVERSIONS
40 KVPRIM = 0

CALL AVERAG(XSUBMiXBARM)
KVPRIM =1
CALL AVERAG(TSUBETBARF)

C PRESSU-RE DRCIP CALCULATION
*15 SM = 0.0

DO 14 J=1,jREACT
14 SM= SM + DFLiA(J)*XHARM(NPLUSJ)

P(NPLUVS) =P(N) - (FLARGE/P(N))AOSIN)
C TFST FOR Pcf'C5SURF -TERMINATION ON NEGATIVE PRESSURE

IF(P(NPL0S),,6T.0,0) GO TO 60
WRITE C '91000) 7?ZLEN

1000 FORMAT(1HO924X98HZFAIL E15.8/25X, 24HTHE PRESSURE IS NEGATIV[/

293
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AFAPL-TE-67--.J1 iHh N4
r Frt 1 1 . 7 PHT H I !5 P R'I BL F M i rD PL TN N2 NF 111 ri X 11 If/r

FT DATA. W.L T kfýf L

60) P 5 1NPLLUM eTRARf NPiW'c,1) 4- Tr~l(I*+
100 RF Tt IRl'

FNDl

SIi3FTC AVPG
URh1NF A V r RA ;Y X T X T FA

C AL-CLL.OTFIq IAfDI A I A V F f"AC,F A R IN! F N T '- n ,r ,NcGtI'Lq IýMP rr p R!~M (-('NV
-1 M V, I, A L L R 6 B A R i * f!1 !N, 'R[ At, I-J R ! IUN. KC K V)P IM. Ms .

1MlM 1 NO'~ "OýN PA MTWO i, INs NPL ki OMFGAt (H C1?C R . S IGMA ( I2)
2 T BAPE(, r fRE R, T PrI ME"3 . T-S-fLE ( 12 .3 , V( 13 p3~ , M 12 3)
3 UT (12 71 X BARM ( 3,3), x SUBM 12v1 .33) v Y t ZLENGT, 7M
DImFNS'IOlN YXT(12.,l3I, YXTRARV1*11
IF(KVPRIN; 10,.11 ,10

10 Y XTRA R (NPLUS i I) 0.0
DO 20 I= ) ,MONF

20) YXTRAR(NPUSt,-;) YXTRAR(NPLU5,11 +- SICMA(I)*YXT(INP[lUSfl)
Go To 1Coo

11 00 21 JýI,JREACT
YXTBAR(NPLL'S,J) = 1.0
DO2 21 I-ýIMONF

21 YXTFBARNF'LUSqJ) = YXTBARP(NPLUS,J) + SIGMA(I)*YXT(I,NPLUSiJý
100 RETURN

FENO

SIBFIC COMP
SUBROLIT INE (70MPOIS

C CALCULATFS COMPOSITIONS AND ENTHAL-PIES FOR INTERMEDIATE PRINTOUT
COMMON/ALL/ CROSSK, GBARw HT, HM, JRFACT, JRERUNi KCo KVPRIM9 Mv

1MMINUS,' MONE, MTW09, N, NPLUS, OMEGA, PHIICL1) t R, SIGMA(12) s
2TBARF(1,1), TREFRv TPRIiY'E3)- TSUB1E(12,3vl), V(l393)9 UM(12,yj',,
3 L)T (12 t3),9 XBARM 13 s3) ý X SUBM (12 1, 33) * Yi Z LENG1s ~M
COMMON /XESFA/ AFi BARMOt BTUPPC, DPj, E:, EPSILN, EPSILR9 FLARGFi¼
I Go GAMA, Fis HC9 HF9 HP, HW, INDFXTs IPSUP', KINT, NPRi, NPRO(,
2 NPROPt NSS, NSTFP, PE9 REACTR9 RGASP ZKF9 ZKS, ZMUJ
COMMON/XFIN'Dt' A(ID)v ANAMEi2ol0)s ARATE(6)i R(10), fBRATE(6)t
IC(5*3)t CRATF(6), DATPRO(11)s DEL.TA~l0i. E70(30?)t F(10)t P(3)9
2 PRnF(l0,5i* PSI(3)t 00(3), (0,) SR(12%3)t ST(12,3)v
3 T PHIN " ( 1 , 100I, ) XI ( 3), # ZHIGM 10)
DIMENSION YRAR(10)t ZBAR(10)
SUt M? =0,0

DO 10 J= I, JR FAC T
10 SUM2 = SUM? + DPLTA(J)*XBARM(NrPLUS, J%

PBAR = 1.0 + SUM2
DO 12 K = I1t C
SUim= 0.0
DO 11 J =19JREACT

11 SIM 1 = SU ! S!K .j)*XAOL4NP'IShIIC

ZBARCKI = F(K) + SUM1
1.2 YBAR(K) = ZRAR(K)/PBAR

ENTHO 0.0
C3.JX =C(l,1)

C4JX = (2,1o j
294~



DO 30 J=lJRrAC~T AYAV1.-Th-6L7 .uz
c3jx CJ + C((3J)9XBARM(NPLt)Sj'9) A

C4Jx c4jx + C(4,J)VXBARM(NPlUStj)
u~ ETTH -II l THO + Qd0tJ)*XI3ARM(NPLtS,vJ)

11 TUPFP ENTHO/ BARMJ (C3jX 40 5ItC4 JX* BARE NPLUS I *B RA~r(N[) t i',
I ' -- FATtIPPO

I F( I t-'UP. F0. I GO TO 99

0CC FCnRMA T( C2(. X lHi-NR N 11-0; T r f Q(Ak CC MOOV P ~ I 11X H F A A D r) 4 V

WRITF (6*1ti01)
1001 rORMATI1H S'Xv 8HCOMPCIUND t12XrIlHM0LF FRACTION, 7X# 19H MO3L-S/MO,

ILEE OF FFFD)
D C ? 1 K - I 9K

2,3 WRI"F (69110U2) K. YBAR'K)o ZBAR(K)
1002 FOR'AAT (JaH q 5X, 15- 7X9 ?(6X* ClS8))

C SFT5 UIP DATA FOR FINAL TABULAR PRINT
99 KINT -KN--

J =KINr
TPRINTilgi? ZLENGT + CROSSK
TPRINT(2,J) -~PTUPP

TPRINTr3,j) TBARr;NPLUS91) + 'TRFFR - 460.
TPRIN~T(4,J) TSlJSiF(I9NPLUS#1) +- TRFFR -460.
TPRINTUr,,Ji TSUt~i(M0NFtNPLUSI) + TREFR - 460.

*TPRINT(6,.j) = TPRIME(NPLUS) + TREFR -460.

TPRINTi(7,J) = PNPLUS)/144a - 14.7
TPRINT(89-11 = XBAPM(NPLUS 91)
TPRINII9t.1) =XBARM( NPLUS*2 )
TPRINT(109J) =XBARM(NPLUS93)

100 RETURN
END
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VfR. ":'N FCNR ('A;,'TIA N C OIPflJN A TF~

P. Y~~ T X- IN A T4 F~R
(Imm, N ,t Lir(> *,FWHHA R UrA'T JRN, K C, K VPRTI N1,

RER '-[~*i1 1. R I '- 1F (3 ~ f S Hi IB 1' I 3 12 3 1 V '13 3) ' 12 3

:1 y 7 1

k~t1T I T~

i!4:T I [:~rI1N I TT
L~ IC I

IMU IIN. I UNT

1.~ 13 UUNWIIN

,'M~jT W~IN4 .1 4.0*1INIT
1imi (l-T.3 - 1.0 -ojj 3 . 1 JN I

IF(KVPRFUM) 12,100,12
12 ! IT (MTWC)i2 6.nflIINT*HT/ZM

100 RFrUjPN
END

Si8SF TC S RC 0
c THIS VFRS ION FOR CARTESi A -cOOP-DINATES

SUBRO(ITINF SPCOFI-
C CAICHLAFFS CC'NS.TAI`, CCIFFFICIENT$ý USED IN ENTHALPY SOURcF TERM

COMMON/A-LL, CROSK,q GBARi, HI, HM, .JREACT9 JRERUN, KC, KVPPIM, Mo
IMMINUSi MONF, MTW(O. '- NPL.USi ONIEC-9 PHI (12), R9 SIGMA) 12) ,

2TBARF(3,11, TREFRt TPRIME(3)9 TSUH!E(12t3ol)* V(13.3*). UM(12,3)1,
3U-Ttl2o3), XFIARMV',3)9 XSUB11(1291931. Yo 27IFNGT9 7M
'CIMMC'N /FORIClR/ V(CC*(13)
DO 10 1=29m

1I0 PH fI) I OMFGA*ZP, ZM*G8)BAR /16. 0
PH I (MONF) = t-FG.-A* ( Fr**2 GBAR
ZMO1P (7/)*

V(1, # --. *MR
V 192) 4.047MO.R
Vt 1 0 ;,.: r

D(l I i I2 9,A
V(1 , 1) Z M7MR
V 1(192) -?.2 *ZM(OR

11 V(It 3) Z MOR
V(MONF,1) = -0. 5*ZMCOR
V ( WINE-L = 4. 0 K 7MOR
V(MO3NE,3) =-3*5 * ZMOR
V (mrwosi1) = 6. 0*HT*?MO3R/7M
DO '12 I=7',M

12 VC(!(I ) = ZPACP/4 .0
V(C(!MO-NFl, -,.0*HT*7m1R**2

100 PFTUJRN
E ND

29'os
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?a~e7.IGNITICU4MI S FO XU-MNmXTI

Note: ER is the equivalenice ratio; the actual fuel/o.•ygen ratio
divided by the etoicrhiomtric fuel/cx3gen ratio (taking

N - ,n igritaon detected D - apparent detrmat.o

Press, TempD L1 ay, Prcus, jTewip, -86, rss Tem~p, 1&

psi~a U K iPwec psia UK j lae j iaa Oj _ C ~sc

Argon, 99Wm; ER - 0. 2

9,2 1.281 1162 1).o 1281 5)4 24.3 1216 >58
3.3 1213 3235 15.6 1352 473 24,4 1253 40,
8.8 1295 1005 14.9 1340 445 24.5 1281 345
9.6 1419 517 14.8 1213 804 26.5 1174 764
7.9 1235 1244 14.5 1141 1211 23.6 1114 1263
8.3 1.146 18.-5 14.7 11o4 180c 24.5 1119 1208
8.9 1552 767 1 1 1 I

Argon, 99*a; ER - 0.5

9.0 1309 603 I14.6 1263 472 24.6 1251 313
8.6 1303 632 i4.9 1303 316 24.9 1234 375
9.2 1405 355 14.5 1206 712 24.u 1151 115)
8.8 1211 1395 14.5 .135- 1318 24.4 118L 616
8.t 1173 1965 14.6 1167 1225 24.1 i102 2340

Argon, ER - 1.0

8.5 1232 2120 15.0 1337 320 24.8 1255 754
8.4 1187 272o0 15.1 1319 34! 25.0 1295 349
8.6 1301 1172 1.4.9 1244 10010 24..97 1232 936
9.4 1421 25 15.0 1278 536 24.3 11i71 1720
9.3 1397 387 14.6 1176 1730 24.1 -1138 2500
9.1 1373 1 51.35 14.4 1144 2621

Argon, 9f; ER 0.

9.1 1152 3575 15.5 1126 387 25.0 1137 259
8.4 1066 2145 14. 1091 956 25.5 1096 893
8.9 1121 1030 14.6 1086 1018 24.5 1091 957
8.8 1116 1063 15.3 1126 518 23.0 984 N
8.9 1126 1035 14.8 1056 1480 24.0 1032 2120
8.9 Uo6 1252 15.2 1032 2435 23.9 1046 1695
8.8 1071 2030 24.2 1081 1020

1. _ _ _ 1 _ _ _ _ _ _ . 1 nag .1 _ _ ' C)~

(C9ntinued)
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Pait I

?nbk 76 (crn . IGNITION DELAYS FOR MThuYIE-CMEN-
AROM MTXTURES

Pei& Ox ljieu paia jGij I__ pu j K e

Argon, S%; ER 0 0VI

I103 1174 264 16.u 1u72 767 25.0 1 107-h w48

9.2 1023 2755 15.9 1082 737 22' .7 1052 606
8.4 981 N 15.9 1102 452 30.2 195 D
9,1 1c72 1658 15.0 995 2915 22.9 962 N

10.0 1163 46. 15.8 1052 1015 26,0 1072 478
10.3 1184 264 18.6 1184 132 26.6 i004 2435
10.22 1153 394 15.6 1028 -16- I5

Argon, 90*; ER - 0.5
9.4 1077 D 14.7 968 3300 23.6 9722 30.c

8.2 959 3100 14.2 963 336,0 2-4.3 991 2895
6.6 1005 2530 114.4 968 3o45 24.2 996 2395
9.0 1014 2035 22,7 959 3550
9.0 14 2170 2".2 9501 3275

24. IU19 -4- -

Argon, 801ta; ER - 0.1

9.4 1150 278 15,8 1125 277 25.0 1082 238
9.4 1115 552 15.!) 1082 477 23.9 998 1318
9.6 1115 621 15.5 1072 542 24.5 1035 703
9.6 1091 924 14.8 998 2665 24.2 1039 670
8.1 54 • 4 15.6 1044 940 25.3 1086 204
8.5 985 3715 15.6 1049 908 22.6 949 3370
9.1 1-',9 168o 14.4 989 2880 23.5 989 1247
8.3 9801 3730 24.1 998 1250

lugon, Bala; ER - 0.2U. )U i'. p 2I* I"OU,
8.7 1024 "94 14.5 957 2720
8.4 992 1660 14.8 961 3115

.3 948 3 9 12
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Part. I

Tble T7- IONITICN DEILAYS FOR ETHANE-OXTGD-ARGON MIX1TC

Note. ER is the equivalent," ratio; the actual fueJ/oxygen ratio
divided by the stoichiometric fuel/oxygen ralio (taking
1_0 and C00, as the o.'oducts of combustion).

N - no ignition detected D apparent detonation

PrsTm'Fress, ITep, D elay# rs, ep Delay,
pes, mp, PeDesy, Te

psiK OJ psia 1"K g sec

Argon, 90Wm; FI - 0.2

9.3 1251 338 15.7 1224 14 25.4 1161 165
10.1 1235 438 15.1 1146 524 25.5 1140 528
3.9 1095 2005 1-5.8 1203 2.2 24.3 I175 9oo
C.0Q 1120 1370 15.4 1140 68) 24.6 1100 643
O.i lo41 3170 16.o 1182 ps5 22.8 37.t
8.4 1070 2530 15.3 112-0 31 z 24.1 105ýý 2365
8,3 1120 1500 15.2 lo60 2550 24.5 1070 1025
9.9 1246 333 16.1 1310 687 1

Argon, 80xm; ER - 0.2

9.5 1156 D 19.2 1ý332 D 54.8 1319 D
8.7 1I71. 2560 15.1 1.108 1192 23.0 980 3200
3.3 10 25 N 17.0 1161 286 22.8 971 345-
8.3 1029' 3530 14.7 1025 53D0 24.7 102)" 2075
9.0! 1099 1995 13.2 1061 2380
8.4 10571 2(90

Argon, )Q..; ER = 0.1

9.0 1199 660 14.7 1204 351. 24.2 1151 5C2
9.1 1236 567 15.5 1209 265 24.7 1183 329
8.3 1146 1235 15 .2 1172 622 24.2 1125 807
8.7 1156 1175 14.3 1115 12)0 23.7 1085 1468
8.8 n115 1675 14o7 1 o.9Q 1463 23.9 1045 2515
0.5' !45 25L0 14.7 106.0 270n

L . 121 33 14. 11411 "814(Cniue

2(9Contnued)
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Table 77 (Copt.-1). zJ NITICN DETAYS FOR, KlA--oY•iD4-
AR"J MIXTILRS

psia OK PALC pfia OK I ____ Ts_ _ K I
Argon, 95*rn; ER 0.1 1

8.7 1171 946 14.1 1193 531 24.3 1231 16o
8.7 12I4 636 14.7 1204 318 25.3 1220 192
8.4 1193 753 14.9 1160 598 24.8 1176 316
8.6 1242 3.35 14.8 1128 997 24.5 1139 626
7.9 1041 N Ik. 9 11i03 1241 23.5 1061 2018
8.5 ii1S 1855 14.4 1951 2310 23.7 1092 1190
8.4 1209 574

Argon, 80'm, ER = 0.1

8.2 1035 3350 14.5 10991 363 24.0 1061 1085
8.7 1080 2520 14.3 1104 756 24.5 1099 516
10.2 1228 355 15.5 1182 317 24.2 1O8V 752
9.8 1193 46o 14.8 145ý 524 26.0 1099 585
11.2 1312 183 15.0 1118 693 23.4 983 3410
8.5 1056 3040 15.2 1099 325 23.7 1013 3520
8.3 1038 3495 16.2 1128 1)85 25.7 1085 1533
11.2 1259 289 15.6 1109 759 25.1 1047 2700
8.8 1099 2410 14.3 1015 346o

25.J 1071 1088

Argon, 95%m; ER 0.025

8.6 1189 1265 14.1 1200 633 24.4 1222 351
8.3 1184 1138 14.7 I 1267 387 24.7 1206 413
8.9 1278 646 14.6 1239 512 24.4 1167 628
8.9 1513 597 14i.6 1189 758 24.5 1146 753
9-.2 1383 . _63 14.3 1!56 877 23.4 lI88 1165
8.8 1189 10751 14.6 1114 1238

Argon, 9yic; M - 0.2

8.8 1270 943 13.8 12-79 921 23.9 .196 523
8.8 1304 022 14.4 1270 597 24.5 1281 314

8.7 1316 762 14.8 1328 413 24.0 115 782
8.8 1376 544 15.0 1190 862 22.8 1062 1420
8.8 14o1 483 1415 ll09 1320 22.8 1021 N
8.7 1185 1260 13.7 lO36 2705
3.2 1093 12270

- -(Continued)
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Armon. 9q•m" ER 0.02S

I

8.8 12'76 1878 14.1i 126,j 1.25 21 4b. 8 1259 812T.5 1265 2oo0 15. ( 122T 1T365 4.R 0 1n8o 1318
6.8 1.353 1468 13.7 1169 1950 24. 5 1169 1342--9.1 1464 9l) 14.ý 1ý511 8-22 25.0o 1,-i] 573
90.2 i•15k. W 14.6 137-17i.69, 25.2 1390 482
8.83 1452 9N3C 15.2 15021 3-,,2 2.5.9 14,3 A-)

- 1C423

Argon, 99Pm; ER 0.,5
3.4• Le26 1492 14.7 1256 7I2. 24.6 1250 875
8.8 1285 917 15.0 1314 198 24.5 1222 653 |9.0 15-350 48 14.7 1273 141 24.0 1177 1230
9.1 164 9153 14.9 1228 820 23.7 1113 2175

56 i5 1672) 14.8 1177 1535 i4.4 1205 8068.65 4524451 15 3 2190 2

Argon, 99#m; ER 1.0
3.8 12-94 12ý8 14.7 1265 1072 25.4 1254 856
8.7 1317 17 154.9 1130 541 25.3 1294 381 A
9.0 1558 4248 14.7 1329 394 25.0 1265 756
8.6 L347 706 14.7 1220 1550 26.8 1181 1855068.8 121 2145 14.8 1175 246 9.3 L13 3050

9.1 1237 2075

Argon, 90n ER 1.-,0

8.8 1072 2170 20.5 1452 D 37.1 2 4 87 D5 8

14.3 15817 D 5 14.5 1030 2650 23 997 33758.0 10i0' 3750 17.3 1173 D 25.5 1063 2260
3.6 Ao63 3370 15.4 1-)68 2620 23.5 1o1o 3410

13.5 1505 D 14.8 1723 4 D
8.2 1i3o N

S10...21057 N

1011 1___ __01
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Part I

Table 78. IC64ITION OMlAYW FKR DEPALiN-QXYON-ARf MIXT__UR•S

Note: ER is the equivalence ratio; the actual fuel/o'..yen ratio
divided by the stoichiometric fue1/o~vgen ratio (taking
HaO and 002 as the products of comb'ustion).

N - no ignition detected D a apparent detonation

Press, Te.p, Delay, Press, Temp, Delay, -Ixvss, ITerap, Delay,
psia K psec psia_ °K tIsee psia X psee

Argon, Bu*; ER - 0.1

8.6 1133 154 o 15.0 1197 593 25.5 1197 143
3.7 1182 i o25 14.8 1162 67; 25. - 1142 632
9.0 1253 505 15.2 11.33 982 2..L 1157 423
8.9 1243 289 14.8 1080 2063 23.( 1042 2575
8.2 10611 3130 14.3 1024 336o 25.2 1123 ,f74I 25._ 1108 1055

- .. I22.E 1019 336

Argon, 9ijm; ER - 0.2

9.5 1202 1142 15.6 1245 ]36 25.8 118) 367
9.2 1202 1176 15.4 1171 666 25.8 1155 597
9.3 1245 577 15.5 1202 533 25.0 1105 2150
9.7 1289 275 14.7 1075 5250
8.5 1070 3870 16.0 1176 668L ii1 ___I 16.1 181 5.751 ,

85510 390_ 16. 2-I1U 6hL
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Table 79- .3NITION DEIAYS FOR o-METHYL DWCALIN-
OXYGEN-ARGON MIXTURES

Note: ER is the equivalence ratio; the actual fuel/oxygen ratio
divided by the stoichiawetric fuel/oxygen zaýi•o (taking
H,20 and C02 as the products of combustion).

N - no ignition detected D - apparent detonation

Press, TeVp, Delay, Press, Temp, Delay, Press, Temp, Delay,
psia JK Psee psia °K ýsec psia i( 'psece

Argon, 9Ai; ER - 0.1

8.8 1259 L,5 14.6 1253 733 24.6 1253 842
3.7 122 1363 14.8 129; 4o0 24.4 1276 440 I
8.9 lli 556 14.4 1202 1292 24.3 1264 T20
9.O 1335 381 14.5 1174 1680 24. o 1174 1805
8.3 1141 3030 14.6 1141 2482 24.5 1169 1930

24,3 1141 2600

Argon, 90%-c; ER 0.1

M ,7 -1246 316 14.9 1209 353 24.5 .172 593
88 i1 9 1 O) O 14.(, 1177 759 24 .2 1125 1 2
.2 109'0 2950 14.7 1115 1810 24.8 119.3 364

1 1252 3-6 14.6 1155 1175 24.5 1110 1810
7.9 I115 233

5o3
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Note : F is the equivalence ratio; the actua i fuie,/o-gen ratio

divided by thp stoichionetric fuel./oxyen ratio (taking

H20 and CO2 as t1e products of combustion).

N - no ignitimoi detecved D - apparent detonation

Pres", Temp, Delay, Press, Temp, Delay, Press, Temp, JDelay,
psia OK I±sec psia eK Psec psia "K . sec

Argon, 99A m; ER - 0.5

9.0 1248 1355 15.2 1288 794 24.8 1248 119P
8.8 1259 1390 15.1 13•35 385 24.9 1325 320

8.7 121 1205 14.6 1152 2020 25.2 1312 479
9.1 1389 30 15.0 1131 2 358 25.1 1231 1444

3.5 1300 830
8.8 1353 452
8.7_ 1175J 2910 _ ____

Argor., 95,jm; ER - 0.1
8.5 1196 1152 14.7 1284 15ý e 1156 1105

8.6 1228 775 14.7 1251 162 24.17 1196 480
8.7 128J, 262 14.8 1254 323 24,. :- 1185 658
8.8 1-279 262 14. 1206 546 24,6 -131 1729
8.5 1229 807 15.0 1174 1113
8.7 1251 518 14.5 1110 2248

3o4
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T1b01 81, INTTI0N DELAYS UR PROPANE-0XT0EN-AOut MIXTURFS

diviOJed by the stoichluwLtric fuel/oxwyen ratio (talkng
HZO and COr2 as t1w prxducta of combustion).

N no ignition detected D - apparent detonation

Preas, Te Delay, jPress~ Tem~p, Delay, Press, Temp, Delay,
Psia ~K j LcC peia 9K iýWec psiLe 0%K pe

Argon, 9LCX; KR - 1..)

10.1 j1307 371. 15.2 1134 2360 25.0 1110 2375

*8.~ 1 1!24 4-220 15.8 1165 1652 238.5 12,-)3 452
8.8 11414 3885 14.9 1114 2535 24.5 1057 I342o

9.9 l2?55 1460 14.6 1100 35470 27.0 1144 J1520
8.8 7 276-0

Argon, 90%mt; ER 0.3.

9.1. 1303 356 15.3 12714 397 26.9 11281 268
9.2 1281 4314 15.5 I1226 660 25.0 I1188 750
9.0 120J. 1)15 14. 1141 1450 25.5 12')9 55K0
8.9 1226 1055 14.3 1-161 1295 214.9 j 110 1572
8.7 1.209 11135 15.0v 11.20 1920 24.1 f1059 3300
8.7 1135 2310 124.1 1079 j 3300

90 1242 2r Aj,;. 1 1341 W6 25. 1259 1 6.A -

8.3 I3
9.0 IM5 15 .84. 127I 145 5 2213 17
8.6 1265 2455 14.5 1197 2800 25.6 187 357
9,2 1577 140 14.9 1325 9 2 . 1
8.8 1371 96) I
8.8 1 4131 5592 111_0 _ 1

305

P." 1oz11 5 12 9o 2. O9i30



tart I

Table 82. IGNITION DELAYS FOR MET• •-X•(-= M MIXTURES

Note: ER is the equivalence ratio: the actual fuel/oxygen ratio
divided by the stoichiometric fuel/oxygen ratio (taking
HiO and 002 as the products of combustion).

N m no ignition detected D - apparent detonation

- r -.. ..... . -
Press, ITenp, j Lay, Press, Temp, Delay, press, Te", Delay,
psia K P.sec0 psia-- j K I jWec jpsia *X psec

Argon, 8Ji; ER- 0.1

8.4 1272 4P50 15.0 1546 225 26.0 1482 295
9.8 1654 382 15.3 1470 444 24.9 186 I437
3.5 1336 2085 15.6 1465 444 26.5 1391 400
9.3 1499 744 15.1 1402 657 23.5 lao 2116-
9.3 1534. 675 15.2 1353 1050 25.2 1310 j 781
8.8 135'3 1810 14.3 1272 1915 25.3 1294 854

__ j14.3 1 306.90 306.

30
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Table 3 TONITI(1r MFAYS KIR n-DODEG&-I0N-OX flw--AR0ON MTXArTIMPS

ArgonL, 90%m; ER - 0.1. Visible light
uned as criterion of- ignition.

rOOPTemp, Delay, Press., Templ telAy, Pres.o., Toup Deilay,
psia K se 15.s *6 I Insec i 7

8.8 121 M 15. 126 37 24.0 1111 1400

8.5 1219 6T2 A4.3 11221 1605 25.7 1231 135

6.6 1269 102 15.2 1188 569

9.0 1291 11% 15.1 1126 144-0

8.4- 1226 5714 14.8 loT6 26140

8.1 1076 3C95 15-5 1215 269

8.7 1152 13ý?3

I
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8h. JEIAYýý 70" jp* ZIN/ 1

i-I e',s. imp 7x18-y Pr-ts, !emp rie Pres.,Tem, DlaIa y

Igi14 ntetpc-tei From t rnj. .- '"'n at, (!~s m .

F 1052 337C V .6 I1071 31( -2 P0
81c MA t'cc 1).4 1 12. e4. MO± 125

6. 150 114 46 1ý 25.-T . 1Cf [t nr i I
43 i15;50 24. 1U

12'r6 65o 16. 0 2'' 1 ii.8 0

.5,14 I1Mj 390 1- -- ~ 25J ±d4 F210

Ignition De"Iectea Frrm -'C; rz'ationi at ý050 cnJ-

"501

I-.1 1174 52Cj
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rgon,Ar , 99

Pret1", 17:-m• t el, i>•. tpl'ieL • ea,
m issnm C1cn 7i:4isiqn N nw-~J

44 , ih ,• lei-E Y, 1 , 0

. i .1c0 2 1o0 15.1 12683

1.4b.6 1213 1260 145 1011 I
14.4 1247 94o IL, 5  •,4 320
14.8 !P0 7.•! . .7

l4 . 5 i516 6O. ( .140Q ý2C

15.2 1325- 470
15.0 13(7 320
15.0 121o 282o (15) 118o 31i.',
1.J6 126-1, 2600 14.8 1219 2500
15.1 134o 10o 14.7 1275 1260
15.4 1594 620 15.6 13oL 770

15.3 14Lg 56c 15.3 1358 520
15.2 1445 5.6f 115.2 1370 480
15.3I3 1480 460 15.3 14 8 3co(•5 i 556 .330
15.1 1133 2500 14.8 1107 250x
IL. 6 117 19Igoe 14.7 1141 1-250

14.7 1231 7468- 15. 1 1220 770
14.9 127 V 740 14.9 1276 360
14.8 1299 390 q(15.) I ' 20 330

(15.0) 134315 ( o50) iTO 3o0{15.) 135 3., ; 15.0 ) 1390 27-

139 5 ' k(15.o) I 1(1o 270 15 (-5.) 14(1, IN)
14.5 11.30 N 14.3 -1 3430
14. 7 2600 -1. '1162 '.910
15. i 184 2(;( , .
15. 1205 7.016.0 I 231 760
15.4 1216 2C0(A) 15.7 1244 450

ILI.

25 c4 33-43 : 3C

'. ,,orl kl',a-G ,

iI
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?vable 85(oný _INT-YC94 MAXII FOR MCh-AOXY(-AROL e M~rIMJRZ

Argon, IRn; K - 0.1, Ignlition Detected From COC Emission at 23 00 cm"

Press.,! Tamp, Delay. Press., Temp; r*i.y, Press., Tm, •ay,
pfec' psia K us Pi.Sec e

088 3 i .3370

f.6 11Ž? 2240 1,-2 I 1079 278C 25.2 .,(,4~ ,460
9.1 118 157' 14.7 1io84 2540 2.8 i108 1180

9.7 24iT 435 15.0 1Okw 26,0 25.0 1118 TO0
9.T 2247 87o 15.6 il132 1680 28.7 116 1280

____._9 1171 57 0 31.2 L -" !9 4oo

Argon, 80%; ER - 0.1, Igatticn Detected From GO Emission at 2050 cm-'

14.9 1063. 2-60
14.8 10s65 26-0
15.7 1122 1460
15.4 1=22 810
15.3 1142 700
1z5.6 14Ti 850
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kI Tabl. M. =j,,vrw D elxaj o y, pkýee

IPress., TernS, 5Pala i OK (Dt~ e Ie~oS, t(in, C• V•idilej. 2300 cm- Light

14.4 1069 315C 3.-)
1I 1.6 1120 ,C'00 185o

143 12100 196014.4 u6- 21 i66o 123o
14.1 1199 850 850
13.2 1209 1000 1000
14.6 I 40 350
15.0 1337 _ 250 19C

Argon, 99%m; ER - 1.0

Prees., Temp, Dela Delay,psi& OK Dea,"ee

14.2 1219 231o 2245
1.•2 1317 134c 1I180
14.8 1P.6 i46p Z32
15.5 1377 775 646
15.2 1383 68o sft
2.5.2 1413 619 489
16.8 141 r5 394
15.1 1507 43 p"8
15.2 .75953200

ArVin, 99%m; ER - 1.0 Argon, 99%m; ER - 1.0
Ignition Detected From COa Ignition Detected From CO

GG ui 3 Oz')io at ev: m

Presc., Temp, IDelay, Press., Temp, Delay,
psisec psIa I "___ 3K psia

15.3 129 3O0 (15) - -15 3215. 1o 14.7 1 '214 25
14.6 3'; 07 555 I;. 2 2 1630
15.6 i460 525 4. i 12 'l 20

(15) 1535 30 5.2 3407 325
- - - t•i~ ~'
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Table 86 INIIIKM Y I~lPO~E

fArgon, 99q ; - O.E I Argon, 99%m; Ll - 0.1I
Ignition Detected From CQR l igr~tion Detected From COftission at 23C•0 e.-I E •mission at 2050 cin-1
PrasB., Temp, I Delay. IPress., Temp, Delay,

-psla 4 x- - - I K
I pls IC peec I psia e

-(15.o) 1110 2200
I.3.8 1089 2800 13.6 1156 12-30
14.1 1095 3300 25.0 1 188 1o50
14.2 1172 1230 14.6 1199 1700
13.9 i188 180 1 4I.o 121 996-
16.1 1204 1.340 1 .9 530o
14.o 1215 1220 14.8 1269 470
15.0 1275 61o 15.0 1286 3To
14.7 1292 44o

S12
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S~ Table 87. IGNITITON DELAYS FOR ."2,23,3--.T•rAM'f}.Dv

1= 0., 957m Argcn

P = 15 psia P-9 puvn P p 5 sp ia P 25 p±iA

Temp, Delay. Temp. Del.av. Tpemo. Delayv. ";emio Df•ltyv Ten; PelAv
"°K I: .IseC ",e

1167 30)O 1232 2500 1185 M00 1160 2700 1100 5700

11-1 3300 1257 2%60 1185 )550 1183 1900 1184 2440
1216 2050 1257 1700 1247 141o 1251 !22-5 1210 1400
1220 161 - 1279 2050 1255 1850 1285 840 12-25 1470
12062 i112j, 1:21 750 1265 1.29ý 1514 59G - " 9!5
1293 950 1346 775 1337 850 1345 460 1293 715
15-. 3 860 1388 400 1372 430 3350 360 2507 560
1330 430 1388 4"5 1440 200 126 460
1359 210 1394 500
1365 180 1394 475
1389 125 1416 33

5L1 5 14,f ) 210
1407 150 1485 200
1407 100 1510 100
1438 100 1516 115

1525 95
1536 120

1562 60

P - 15 psid, ER O.1, 95%m Argon

Temp, Delay, Temp, Delay, Temp, DeLay,
OK isec OK psec °E Pee

1162 3530 1130 3700 1404 155
1162 3290 1160 2800 14o4 150
1194 2015 1196 1800 1410 100
1196 2650 1200 2650 141o 100
1201 1770 1210 1650 1416 140

1227 1405 1246 882 1422 110
1245 932 1288 730 1428 110
1250 966 1323 410 1c.8 85
1290 ý16 13A8 329
1300 782 1356 280
1310 684 1363 570
1052 410 1.8 250
1583 ;6c 1374 230
i385 300 3.380 212
1390 280 1380 180
2390 270 1386 150
3465 78 1398 190
1505 64 1398 150

313
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Table 818. 1GNITION DETAYS M0R NIDFPENTANE-
OXYGEN-AIRGN =XTURME

:R 0.1 , c nm Ar-gon

P' 9 p Si a P - 15 ý pi; p ,- 2. r-n ia

Tenap, Delay, Temp, Delay, Teup, Delay,
°sec Ksoc °oec

1215 3530 1-147 351o 1179 3500
12)9 1720 1170 24' 1181 2820
!284 2230 1130 2410 1191 2080
1337 825 1199 2270 1227 1770
1352 730 1220 1655 %2b0 1505
1374 540 1229 151.0 1284 542
14o6 340 1249 102• 1320 653

1268 905 .343)1 360
13.12 r-83 1346 36o
1325 523
1352 390
1352 390
1377 300
149o 100
1_i_ 81
15L6 79

16o5 35
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AFAPI -T-R4-7- 1.4

Table t.. IGNITION DEAYS 2,2P 2i' 3-TRI•PYL BUT~ARNE-
(XYGFN-4ýRC0N KMLXT ,t F

P - 15 psia, M 0.1 , 95•m Argon

Temp, Delay, Temp, Delay, Temp, Deley,0K psec °K 4sec Oe

1161 3150 1360 200) i4o0 165
n187 2500 1366 200 1400 150
1203 1600 1374 160 1404 110
1230 1250 1380 200 1422 120
1245 1150 1380 195 1428 90
126i4 950 13FZ 165 1459 70
1302 853 1392 150 1465 70
1316 320 1392 140 1471 35
1339 360 1398 100 1483 35

315
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C',L II T(1

bleIC~l -).' D"MAY'S FOR ~QTE~XCN
ARGON MIrXPU

P =15' Dsia

95%•m Argon 97.5%m Argon

M 0. ER 0.2 EK -0.1 ER =0.2

Temp, Dela., Temp, Delay, Temp, Delhy, Temp, Delay,
Ox psec iK usec OK ji-ec O K qec

1226 35oo l140 3200 1107 2750 1165 2290
1152 2600 1176 14oo 1134 2000 1223 1570
i16o 2000 1177 2400 1177 1750 1223 1250

_187 1600 1190 1902) 1178 180O 1275 682
1218 860 1231 900 1178 1800 1294 735
1224 860 1231 870 1225 950 131? 450
1255 7140 1260 550 1230 870 1339 355
1262 850 1322 215 1250 760 1375 150
12714 390 1322 200 1263 850 1381 190
1284 490 1331 460 1297 510 1381 153
1293 325 1345 250 1319 510 1393 140
1300 47o 1358 100 3.356 240 1599 100

1515 310 1388 135 1401 155 1423 165
13,15 300 1420 1170 1444 115 1435 115
1316 350 iLL5 85 1450 115 1473 73
1528 150 146o 35 1467 115
:328 115 1481 110
1345 150 1481 80
1351 165 1513 100
1357 125
1.357 115
1386 55
1591 150
1392 70
1397 125
1404 50

316
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TABLE 91. PROPFRTY VALUES FOR METHYLCYCL'HEXANE C7H14

MOLECULAR WEIGHT 98.18 HEAT, VAPORIZATION 138.72
BOILING P11INT 213.68 HEAT, FUSION 29.6
"FREEZING PCINT -195.87 HEAT. COMBUSTION 18797.
SPECIFIC GRAVITY 0.7753 FREE ENERGY, COME. 138.6
CRITICAL TEMPI 570.5 HEAT, FC'RMATION 678.2
CRITICAL PRESSURE 504o FREE ENERGY, FURM. 119.5
CRITICAL VOLUME 0.0561 FLASH POINT 25.
ACENTRIC FACTOR 0.257 AUTOIGNITION TEMP. 5+5.
LOWER EXPLO. LIMIT 1.2 UPPER EXPLZ. LiM,1IT

**********************~***** GAS PROPERTIES

TEMPI PV/RT VISCOS THERNAL HEAT PRANDTL HEAT CONTENT
.. PRESSURE. -ITY CONDUC- CAPAC- NUM~oR ,,,...,PRESSURc,,.,,.
600 1200 TIVITY ITY 0 600 1200

-200 0,?076 0.0009 0.087 0.712 -38,4
-100 0.0106 0,0028 0.195 0.751 -24.1

0 0.0136 0.0051 0.284 0,762 -0.0
100 0,0165 0e0077 U9355 C,766 32,1
200 090193 0,0105 0.420 0.769 70.9
300 0.0220 0,0137 0,480 0.771 115,9
40 0.0246 0.0170 0.536 0.773 166.7
500 0.0270 0.0205 0.589 0,774 222.9
600 0.343 0.408 n0.293 0s0242 0.638 0,775 261-,3 231.2 210.7
700 0,656 0.477 0.0315 0.0273 0.685 0.776 350,5 323o4 290.9
800 0.760 0.589 0.0337 0.0316 0.728 0.776 421.2 400.4 375.5
900 0.823 %,692 o.0357 0.0354 0.769 0,777 4,6.1 479.C 460.2

1000 0,865 0.768 0.0377 0.0391 C0806 0.777 574o8 560e3 545,4
110 0,895 0.822 0.0396 O.C428 0.840 0.778 657,i 644.6 632.3
1200 0.918 0.862 0.0415 0.0465 09871 0.778 742.7 731.7 721o2

*************** LIQUID PROPERTIES AT SATURATION PRESSURE **************

TEYP. DENSITY VISCOS THERMAL HEAT HEAT HEAT OF VAPOR SURFACE
-ITY CONDULC- CAPAC CCNTENT VAPOR- PRESSURE TENSION

TIVTTY -ITY IZATTCN

-Vi1)I S) If) 29 1 . li/ 17 -1w' 17tf .IWO' c '!
-50 51.37 5.853 0.085 0,i34 -180,7 167. 0,00/U 0,068Z

C 5h.oi i 6 ý -6jm- 2 16i.3 ( 1/i f C -,4 1j
50 48.62 2.045 0.069 C.424 -142.7 157.8 0.4011 -,C,.0544
100 47.17 1.392 0.062 C.462 -120.5 152.4 1.5730 0,0478
1c0 45.67 1.009 0.057 C.499 -96.5 146.7 4.7485 0.0414
200 44.39 0.768 0.053 0.534 -70.6 140o5 11.78±8 0.03"2
250 42.43 0.607 0.04; 0.56; -43.0 1i3.7 25,1844 0.0292
3()3r0 4-.65 0,516 J.ý46 0.603 -13.S .26.2 47.93 0.0235
350 38.73 0.446 0.043 01638c 17.Z 117.7 83.6795 0.^181
400 36.60 n.386 7, 41 1,677 50( 0".! 131.0226 0.0130
4 P 34.14 n.334 0."38 7 72C 85.1 95.6 2C9.24 4 0.003

1, ..07 ".2e (1 0.808 123.Ž 7.176 508.L674 0.0042
;6.26 168.7 52.4 3 0.0009

SHFLL DFVELCPY'NT CO'APANY

3,17
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TABLE 92. PRCPERTY VALUES FOR TOLUENE C7H8

MOLECULAR WEIGHT 92.14 HEAT, VAPGRIZATIGCN 156.28

BOILING POINT 231.12 HEAT, FUSION 41.5
FREEZING POINT -138.98 HEAT, CCM2USTION 18433.

SPECIFIC GRAVITY 0.8735 FREE ENERGY, CLUMB. 4831.3

CRITICAL TEMP. 609.5 HE-T, FORMATION 233.4

CRITICAL PRESSURE 611. FREE ENERGY, FORk. 57..0

CRITICAL VOLUME 0.0554 FLASH POINT 40.

ACENTRIC FACTOR 0.245 AUTOIGNiTION TEMP. 1026.

LOWER EXPLO. LIMIT 1.3 UPPER EXPLO. LIMIT 7.0

**************************** GAS PRCPPRTIES ***************4********4**

TrMP. PV/RT VISCOS THEPMAL HEAT PRANDTL HEAT CONTiENT

.. PRESSURE. -ITY CONDUC- CAPAC- NUM6ER ..... PRESSURE.......

600 1200 TIVITY ITY e 600 1200

-200 0.q083 0.0o07 0.054 0.665 -29.8

-100 0.0113 0.0023 0.153 0.739 -19.3

0 n.0145 n.0044 0.228 0.754 -0.0

100 0.0177 0.0065 0.281 0.760 25.5

200 n,n209 0.0091 0.332 C.764 56.1
300 n.0241 0.0119 0.380 0.766 91.8
400 6,0272 0.0150 0.423 0.760 131.9

500 0.0302 0%0181 0.463 0.770 175.3

600 0,0331 0.0214 0.498 0.771 e24.3

700 0,677 n.41o 0,%359 r.t'246 0.530 0.772 275.8 249.7 207.,

800 0.773 0.555 0.386 n.0279 0.558 0.773 330.2 310.c 281.7

90O 0.831 0.6'9 n.0412 0.0312 0.595 0.773 3ý7.4 370,8 350.8

1000 0.870 0,76n 0.0438 0.0344 0.609 0.774 447.2 433.0 417.4

1100 0.899 1,816 m.0462 0.0377 0.631 0.774 50,.2 496.9 434.1

1200 0,9200,o57 0.3486 no0409 0.651 0.775 573,3 562.5 551.7

*************** LIQUID PROPERTIES AT SATURATION PRESSURE *************

T7KP. DFNSITY VISCfYS THERMAL HEAT HEAT HEAT OF VAPCR SURFAC7
-ITY CCNDUC- CAPAC CONTENT VAPOR- PRESSURE TENS!2N

TiVITY -ITY IZA"ION
-190 ;9.82 7.948 0.115 0.Ž56 -216.6 1,7.3 0.0002 0.0773

-50 56.16 4.1.12 n.l0l 0.302 -202.6 192.0 0.003S 0.0799

0 rA,49 2.4•m n.ogC 0,341 -196.5 186.5 0.0394 0.0726
50 54.8( 1.622 * 8 0 375 -168.5 180.7 ).242 n 0.0655

I"'n 53,8 1.1514 '.74 ^o4r5 -149.1 17L,5 .0320 o 0554

15r 51.34 ".868 C.163 no6 -123.0 161.) 3.3320 0.0515

202 49,55 ).682 0n 6 3 ý. 4 66 -10597 16 0, 8.7492 0.0448
250 47.72 0.554 0,05 496 -$1.4 i4.3 19o5175 0.0363

15 '43.80 0,554 0.05 0 5 -. ... 71.243 6.0258

a3 ... 1.52 *.%6 r. - .5 121f.3 1 17.57% 0.0319

4~0 39.18 2,2 " '.•45 0.to0 29.a 123.5 iV$.QO01 0.0143
.3 5.._ 4 3 6167' , "1 " 5

r, 32.21 C.13 f . 7 97 1 -.7 4Q 0 .4 43 0.901-3
, 253.2r ...rS7 1.4f 13.0 30., 573.236 C3.C'05

-TV- 07,NT P AN NY
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TABLE 93. PROPERTY. VALUES FOR HYDROGEN H2

MOLECULAR WEIGHT 2.02 HEAT, VAPORIZATION 194.39

BOILING'POINT -422.98 HEAT, FUSION 13.7

FREEZING POINT -414.56 HEAT, COMBUSTION 60997.

SPECIFIC GRAVITY FREE ENER6Y, C3'MBj 33.0

CRITICAL,FMP. -399o8 HEAT, FORMATION
CRITICAL PRESSURF 18?. FREE ENERGY, FORM.
CRITICAL VCLUME 0,5159 FLASH POINT
ACENtRIt FACTOR -0.230 AIJTCIGNITiON TEMP. 1085.

LOWER EXPLO. LIMIT 4.0 UPPER EXPLý;. LIiIT 75.0

***************~.******GAS PPtUPFTIES **************

TEMP. PV/RT VISCOS THERMAL HEAT PRANDTL HEAT CZNTENT

*.PRESSURE. -ITY CONDUC- CAPAC- NUMbER .
600 1200 TIVITY ITY C 600 1200

-200 1.034 1.076 0.0129 0.0638 3.932 0.695 -683.1 -686.9 -687.0

-l00, 1.032 1.068 0,0162 0.0771 3.412 c.719 -341.1 -337.4 .- 331.8

0 1.,28 ,.058 1,1 192 1.0912 3.413 O,71' -0.0 7.3 ' 16.0

100 1.025 1.050 0.0218 0.1081 3.433 0.6)3 342.3 352.0 362.3

200 1*02a 1.044 0.0243 0.1237 ,.447 0.678 686.2 697.3 708.8

300 1.020 1.039 0.0267 1.1389 3.459 o.665 1031,6 1043.6 1056.0
400 1.018 1.035 0.0290 0.1519 3.464 0.660 1377.9 1390.7 1403.7

500 1.016 1.032 0.0311 0.1648 3,469 0.655 1724.5 1737.8 1751.3

600 1.015 1.029 0.0332 0.1768 3.472 0*65/ 2071,7 20F5,4 L09•.5
700 1.013 1.027 090352 0.1895 3.*79 0.645 2419,2 2433.3 24L7.4

800 19012 1.025 0.0370 0,2028 3.487 0,637 2767.5 2781.3 2796.2

900 1012 19023 090389 0.2171 3.499 0,627 3126.8 3131.3 3145.9

1000 1.011 1.022 n.o407 0.2328 3.512 0.615 3467.3 3482.0 3496.8
1100 1.010 1.020 0.3425 0.2496 3.529 0.601 3819.3 3834.2 3849.1

1200 19010 1.019 0.0443 0.2677 3.547 0.587 4173.1 4188.1 4203.1

SHFLL DEVFLIPmENT CMNPANY
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UNITS FOR PROPERTY VALLI` IN TA?'LEES ")I - 93

MOLECULAR WFIýýHT P' mJ N1)S/P, CL F HEAT, VPLOP,1Z-Ti;N, .C'IL. PT. TIJ/ L.
BrCILlNG POINT DE)CGREES F. H-AT, F'JE1(7N PT ý,l/ L
FREEZING PUINT DFGRFES F. HFAT9 CCm~lJSTlION 2 5 DEGC. C. rlTtJLfB
SPECIFIC GRAVITY (A! FREE ENFRGYi C-OMB.2 EC .?T'L
CRITICAL TEMP. DFGRFFS F. HFAT, FORMATION 25 DEC. C. BTU/LB3
CRITJCAL PRESSURE P.;I A FREE FNFRGY, FIIM 25 DEC-. C. PTIU/ L 2
CRlf'ICAL VOLUMF CUFT/L.e FLASH POINT DECG. F.
ACENTRIC FACTOR (A) AUTOIGNITICN TEý'AP. DEG. F.
EXPLISI*vE LIMITS PERCENT BY VOLUME IN AIR

~~~~~ ~~~GA'S PROPERTIES **************

TEi'-P PV/RT VISCOS THERMAL HEAT PRANDTL HEAT CONTENT
eePRESSUREo -ITY CONDUC- CAPAC- NUMBER o......PRESSUPEo......
100 200 TIVITY ITY 0100 200

DEG* F (A) (B) LB(MASS) (D) 9TIJ/L8. (A) 9TU/PCUND ( ( C)
/FT/HR FDEG. F

~~~ ~LIW~ID DROPERTIES AT SATURATION PRESSUR ******4**

TEM~P. DENSiTY VISC65 TmER;ý'AL riEAT h=EAT HE~AT OF VAPOR SURFACE
-ITY COINDUC- CAPAC CCNTENT VACR- PRESSURE TENýSliON

TIVITY -ITY IZATION

L _G* F L6/ L3(MASS)/ (D) -TU/L&'-/ -3TU /L L 6 TO/ LB PSIA PduiNDALS
CUFT FT/tiR 07:G. F (C UT

IA) L)IMENS[I2r'FLESS LINI TS (LIQUTD SP. GR. AT 601600F)
(3) PRýTSSUR1i IN PSIA
(C) REFEREW(E STATLý -- GAS AT 0 DYZRJIES F.
(L) CTU/HR/FT/ZDE3. F

320
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The nippnrotut ue "a' thie reaction studies consisted of twC
ident:cal ree-'tor 'runts, each with a h!ot tube reactor and with zonventional
d._-.ice._s for r as*,iri% feed flow -atto. and for collectilng and metisAurio reac-
ti 'I pr(Yluctý.. A:zheit'c ci sac VNactor Umit is show in .'iue ?;

tca'4CC- ýpk-lt 21th or. oe l reactor a-ParhbhQ-N a-c rk---r-

Tho rLictctr. •va• a furraec-Ecated -tlnileLs :steel tube ]3/2-inuih
1PS) 35 inches long, The catalyst bed (ca 5 inches loIc) was located 10 the
lowe:- portion of the tube; the top portion served as a preheater. For thermal
reaction stuales, a bed of quartz was usa- limb.,,_: -- 'n1vi "-lie non-
hy-drocarlbon gases (used for c talyset regeneration), were metered through
conventional rotaimeters and entered the reactor at the top. Ltq;'id hydro-
carbon feed was fofced from a liquid ireservoir through a rotameter by means
of argon pressure. The feed was then vaporized in a heated 1 ine and entered
the reactor ac a vapor thr )ugh a separate tube that terminated jus above
the catalyst bed. The hot ex:;t gases from the reactor passed through a con--
denser and then a liquid-gas separator. The liquid was collected in a
2ýsrguson gauge; the gas products were passed through a Grove pressure regula-
tor, a wet test meter mad then were vented. Gas samples were taken upstream
from the wet-test meter. A thermowell entered the reactor from the bottom
end and served to contain the thermocouples used for measuring bed
tempera Lures.

The platinum cvtalyst 'war stored in the unreduced form and sieved
before charging. It was reduced with hydrogen just before starting the
experiment. The reduction was carried out as follows. After loading and
pressure testing the reactor was brought to 572°F in argon and then hydrogen
flow started. The catalyst was he'd at this tempe-at-xe in hydrogen for 30
minutes and then brought to reaction temperature. The flow was maintained
and the catalyst held at the reaction temperature for one hour after which
the hydrogen was shut off and the feed flow started. After catalyst reduction
the catalyst was always cooled to belo-w 572°F or brought up to reaction
temperature in an atmosphere of hydroL 'n.

Calculation o0' uonversions,. Seectivities and Coke Formed

Ine conversion.; and selectivities were calculated on the basis of
gas phase (at reaction temperature) product material only; any coke or polymer
formed did not enter into the calculations. Thus, conversions are minimum
and seleotivities are maximum values.

Calculation of Heat Sinks 'nd Heats of Reaction

Endothermic heats of reaction were calculated from the conversion,
selectivity for a given product and the thermndynamic heat of reaction at
100% conversion. Thus, the contribution to the total heat of reaction by any
given reaction js given bry Hp = CpxSpxHp where
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Part I

Naplithene Reac ;lan Products tSi~jj, Btu/l-bI

Dietbylcyelohexane D1B, H,2  6"21
Light gas -0a

Dicyclohcaxr1 Ben mee H.- 1038
Toluene, pentane
Cycloh1exane -4
Hexane -322a

Light gas 221
Diph-enjl, IL- 1080
Phenylcycioheane., H2  5140

Deosalin Naphthal ene, Hý2  950
Tctralin,1.2 670
CU +ý ohefin 14f3
ThIH +i olef ii 14+5
DI{ Hi + ole:ýn 4
DECH fi10a)
Benz ene + o'lefin 800
Tobaen-e + olefin 8100
EB + olefix 800
DEB -. 100
Al~kyl aroixitics -4Who

FMtbz* teca2lin MetIly-riap.7thaleue, Me- 90C,
Metwlltetrajlin-, HR 600

ICE, olef'in 130
DILF oItf-A-i 13.0

Benzene, olefin + OR4  6w0
Toluene, olef'in 730
DRB, Cit4 )5
Xylene, oletin 700o

_______ gais 3__
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Part I

T LATE97 rT Pl10 Sh-CIBLE IEATS OF
V-IMOUS NAP•HTHEM

Latent Plus *oesible Heat, BtufLba)

Naphthene Temperature, *F

842 932 10.2- 1112 1202 1293 1540

• 1 b) 707 772 847 920 995 1070 1120

DCH 560 620 687 742 839 891 930

DHN 710 78o 850 920 99o 3.o65 1100

MOH '710 780 85C 920 990 1065 30oo
From to0F to temperature indicated.

b) From freezing point (--196°F); to conv•ert to
70°F subtract 163 Btu/lb.
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